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ABSTRACT
The aims of th is project were to investigate the annual variation  
in enerjy reserves in males of a Scottish population of three-spined 
stickleback, Gasterosteus aculeatus and to re la te  th is  to th e ir  body 
condition and major l i f e  history events such as gonad maturation and 
breeding. Another aim of th is  study was to examine the association 
between energy reserves and reproductive aggression in the male 
sticklebacks. The work concentrated on estimations of energy sources 
(v iz . glycogen, lip ids  and protein) in the d iffe ren t body compartments 
(v iz . l iv e r , gonad and carcass) of the fish over one complete year. 
The resulting observations were related to changes in body size, 
condition factor, somatic condition factor, hepatosomatic and 
gonadosomatic indices.
The study involved regular monthly collection of sticklebacks 
from November 1985 to October 1986 from the River Kelvin in Glasgow. 
Samples collected during the months of August to December consisted 
fish of two d ifferen t age categories namely the newly hatched young of 
the year and adult fish which had fa iled  to breed. The 1 + adults
survived until th e ir  second winter a fte r which no fish of th is age 
category were encountered in the sample. Fish were k ille d  by immersing 
in liqu id  nitrogen and stored at -70° C prio r to analyses to avoid 
breakdown of biochemical components.
XX
There were marked annual variations in glycogen reserves of the 
differen t body compartments in the male stickleback. Liver glycogen 
stores in the young fish were low but increased sharply by October. 
They levelled o ff  during the winter months, presumably due to lack of 
food or low rates of food consumption due to low winter temperatures. 
From February onwards liv e r  glycogen reserves accumulated and reached 
a peak in A p ril. From May to July the liv e r  glycogen reserves dropped 
dramatically as they were mobilised during the breeding season. The 
overall patterns of annual variation in gonad and carcass glycogen 
reserves were sim ilar to that of liv e r  glycogen reserves, apart from 
the fact that gonad and carcass glycogen levels were consistently much 
lower than that of the liv e r . Glycogen reserves in the d iffe ren t body 
compartments were positively correlated during the non-breeding 
season, but th is relationship changed during the breeding season due 
to d iffe re n tia l depletion of glycogen reserves in d iffe ren t body 
compartments. Body weights and glycogen reserves were positively  
correlated outside the breeding season, but th is relationship  
gradually reversed to a negative one during the breeding season as 
larger fish bred and depleted th e ir  glycogen reserves.
There was clear parallelism  in the trends of accumulation and 
depletion of lip id  and glycogen reserves, particu larly  in the liv e r  
and gonad of the male stickleback. There was expositive correlation  
between body weight and lip id  reserves during the non-breeding season 
but th is was reversed to^negative correlation during the breeding 
season as the lip id  reserves accumulated during the non-breeding 
season were mobilized in larger fish during the breeding season.
XXI
Protein concentration™ the liv e r , gonad and carcass of the male 
stickleback varied inversely with the lip id  reserves during the non­
breeding season. The in i t ia l  growth of young of the year was mainly 
due toanincrease in protein concentration but as the body size 
increased there was a s h ift  from protein growth to lip id
accumulation. Glycogen and lip id  stores as well as carcass protein 
e
were depleted during the breeding season.
The relationships between glycogen and lip id  reserves in the 
l iv e r , gonad and carcass were strongly positive during the non­
breeding season. This relationship disappeared altogether during the 
breeding season either due to overall depletion of energy reserves (as 
in the liv e r  and gonad) or due to d iffe re n tia l depletion (as in the 
carcass). Liver glycogen, l iv e r  lip id  and carcass protein were the 
main energy sources of the male stickleback during the breeding 
season. Carcass glycogen and carcass lip id  play a less important ro le.
The condition factor and the somatic condition factor varied 
markedly across the year. The relationship between hepatosomatic and 
gonadosomatic indices was strongly positive during the non-breeding 
season indicating that gonad development was prominant in male 
sticklebacks with good energy reserves. This relationship disappeared 
during the breeding season as the size of the liv e r  declined which was 
most marked in fish with high gonadosomatic index. Stepwise multiple
CL
regression analyses suggest that condition factor is not^good measure 
of energy reserves of the body, but hepatosomatic index is a good 
measure of liv e r  energy reserves.
XXII
Size-and colour-matched breeding male sticklebacks were allowed 
to participate in b rie f te r r ito r ia l disputes. In each case, a clear 
winner emerged rapidly. The winning fish had s ign ifican tly  higher 
levels of liv e r  glycogen than the loser. There were no significant 
differences in the protein and lip id  levels of winners and losers. 
This is a consequence and not a cause of the outcome of the fig h t. The 
longer and more intense the encounter the greater the d iffe ren tia l 
depletion of liv e r  glycogen reserves in the loser suggesting that 
natural variation in energy reserves among breeding male stickleback 
is not reflected in agonistic behaviour during te r r ito r ia l disputes.
XXIII
CHAPTER 1 
INTRODUCTION
1
CHAPTER 1. INTRODUCTION
1.1. ALLOCATION OF ENERGY RESERVES TO GROWTH AND REPRODUCTION
General principles
A ll animals gain matter and energy from ingested food and these 
are used as bu ild ing  blocks in the synthesis o f tissues and as fuel in 
the metabolic processes. I f  body mass is  to  be maintained, absorbed 
d ie ta ry  energy must equal energy lo s t  to  maintenance and a c t iv i t y .  
When absorbed d ie ta ry  energy exceeds these requirements, growth can 
occur by the d e p o s it io n  o f  m a tte r .  Energy may a lso be s to red  as 
chemical energy in the macromolecules o f carbohydrates, l ip id s  and 
prote ins. I f  d ie ta ry  energy is  in s u f f ic ie n t  to  cover catabolism, then 
growth o f  some body components may occur at the expense o f  such 
previously stored endogenous sources. In the absence o f any d ie ta ry  
input a l l  energy fo r  maintenance and a c t iv i t y  must be provided from 
endogenous sources (as reviewed by Love, 1970; 1980).
An animal w ith o u t  an energy s to rage c a p a c ity  is  c o n s ta n t ly  
dependent upon energy flow from i t s  food resource fo r  i t s  su rv iva l;  
any s ig n i f ic a n t  in te rru p t io n  in th is  f low w i l l  re su lt  in death. When 
energy can be stored, the animal a tta ins  increased s t a b i l i t y  which 
allows i t  to survive periods o f in te rru p t io n  in energy flow from i t s  
food supply. This s t a b i l i t y  would be o f considerable value to  animals 
in any temperate environment where the food supply varies seasonally 
to  such an extent tha t during w in te r months a v a i la b i l i t y  may a tta in
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levels equal to or less than maintenance requirements. Under these 
c ircum stances, a s to rage  c a p a c ity  would be necessary to  su rv iv e  
periods of several months when the mean level o f food a v a i la b i l i t y  is  
below maintenance requirements. Many animals are well adapted fo r  
m obiliz ing th e i r  stored energy reserves as fuel fo r  surv iva l during 
s ta rva tion  and periods o f natural depletion such as spawning.
One o f the aims o f th is  p ro jec t is  to  investigate  the annual 
v a r ia t io n  in  energy reserves in  a f i s h ,  the male th re e -sp in e d  
s t ic k le b a c k  (Gasterosteus a c u le a tu s ) . in  r e la t io n  to  periods  o f  
energetic stress such as the w in te r  when feeding leve ls are low and 
the breeding season when energy expenditure is  high.
1.2 ENERGY RESERVES
When the supply o f  food to  an animal exceeds the ra te  o f  
u t i l i z a t io n ,  the surplus energy is  stored in the macromolecules. For 
exam ple , excess c a rb o h y d ra te s  are  c o n v e r te d  i n t o  s to ra g e  
polysaccharides, glycogen being the main storage polysaccharide of 
animals. Lip ids such as fa ts  and o i ls  represent the ch ie f form in 
which excess energy is  stored in the animal body; they arise from 
ingested l i p id  and from the metabolism of proteins and carbohydrates. 
Amino acids ar ise from two main sources, v iz .  from food and from 
catabolism o f ex is t in g  body p ro te ins . Excess ami noacids are e ith e r 
ra p id ly  deaminated (as there are no known body stores o f amino acids) 
or converted to  glycogen o r  l i p i d .  The co n ce n tra t io n s  o f  energy
3
(Bradfield and Llewellyn, 1982)
reserves vary enormously in d i f fe re n t  parts o f the body o f the animal 
depending on the species, time o f the year, environmental conditions, 
stage o f m aturity  o f the gonads^ s ta te  o f n u t r i t io n  and age.
Oxidation o f carbohydrates, fa ts  and prote ins y ie ld  energy. The
a.
average amount o f energy made av^Table by ox idation o f  carbohydrate, 
fa t  and prote in  are 17.20, 39.so and 23.00 K i lo  jou les  per gramme 
respectivelyT During fa s t in g ,  glucose is  derived from body reserves, 
which include glycogen stored in l i v e r  and muscle, fa t  stored in 
va r ious  p a r ts  o f  the body, and the  p ro te in  o f  muscle and o th e r  
t issues. Fat is  broken down to  g lycero l and fa t t y  acids, and the 
glycerol is  converted to  glucose in the l i v e r  or oxidized by various 
t is s u e s .  P ro te in  is  broken down in to  amino a c id s ,  and these are 
metabolized by the l i v e r  to  produce some glucose. The sources o f 
energy a v a i la b le  to  a mammal d u r in g  fa s t in g  are summarised in 
Figure 1.1
1.2.1 G1vcooen
The advantage o f s to r ing  carbohydrates as polysaccharides 
(eg glycogen) ra ther than monosaccharides (eg glucose) l ie s  in the
l  n -physical properties of the molecules. Large q u a t i t ie s  o f free sugars 
such as glucose would produce a high osmotic pressure w ith in  the c e l ls  
of the animal and would increase the uptake o f water, whereas glycogen 
is  osm otica lly  inac tive  and causes no such problem. The glycogen
CL
macromolecule is  very large and has many loose ends which are av^'Table 
fo r  enzyme action to  permit rapid breakdown in response to energy
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requirements o f the animal. The l i v e r ,  white muscle and gonads contain 
up to 95 percent o f the to ta l  glycogen in the body o f most animals. 
The glycogen of working muscles decreasesin amount when i t  is  used to 
supply energy fo r  con trac t ion . L ive r glycogen serves as a major source 
o f blood glucose and supplies glucose to  other organs espec ia lly  to 
the bra in .
The to ta l  amount o f glycogen varies during the d i f fe re n t  periods 
o f l i f e  cycle o f an animal. In mammals, l i v e r  glycogen constitu tes  a 
reserve from which glucose can be ra p id ly  formed during s tarvation 
(Freedland, 1967). There appears to  be considerable va r ia t ion  in the 
a b i l i t y  o f f is h  to u t i l i z e  l i v e r  glycogen. Carp (Cvprinus carp io) 
(W itten be rge r and V i tc a ,  1966; Nagai and Ikeda, 1971) and eel 
(Angui11 a sp$ (Larsson and Lewander, 1973; Hayashi and Ooshiro, 1975) 
maintain l i v e r  glycogen at p re - fa s t in g  leve ls  fo r  periods o f 20 days 
o f fa s t in g .  However, go ld fish  (Carassius auratus ) (Stimpson, 1965), 
rainbow t ro u t  (Salmo g a i rd n e r i i ) (Black e t al_., 1966) and T ilap ia  
(T i lap ia  mossambica) (Swallow and Fleming, 1969) show a marked decline 
in both l i v e r  glycogen and l i v e r  weight during comparatively shorter 
s tarvation  periods. The explanation fo r  these species d ifferences is  
not apparent, but may be re la te d  to  v a r ia t io n s  in  the  n u t r ie n t  
composition o f the p re-s ta rva tion  d ie t .
1.2.2 L ip id
Free fa t t y  acids are important metabolic fue ls  espec ia lly  in the 
red muscle o f a c t ive ly  swimming f is h .  Some fa t t y  f is h  store th e i r
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reserve l i p id  in extra hepatic t issues such as muscle or v iscera. For 
example the rainbow t ro u t  (Salmo aairdneri ) possess pe r iv iscera l 
adipose t issue which is  composed o f d is t in c t  fa t  c e l ls  or adipocytes. 
Other pelagic species inc lud ing A t la n t ic  herring (Clupea harenous) 
capelin (Mailotus v i 1losus) and mackeral (Scomber scombrus) have more 
obvious subcutaneous l i p id  depots sometimes penetrating fa r  in to  
muscle which is  often assumed to  be a muscle adipose store. Demersal 
non-fa tty  f is h  species l ik e  the dogfish (Squalus acanthus ) and the 
cod (Gadus morhual w ith lean muscle generally store l i p id  in th e i r  
l i v e r  ( fo r  a review see Henderson and Sargent, 1985).
The A r c t ic  c a p e l in  ( Mai 1otus v i 11osus) is  an example o f  a 
species in which the metabolism o f l i p id  is linked strong ly  to the 
l i f e  cycle o f f is h .  During the summer the capelin feeds heavily on 
l ip id - r i c h  zooplankton and deposits large reserves o f l ip id s  in i t s  
f lesh . They feed very l i t t l e  during over-w in tering and re ly  la rg e ly  on 
th e i r  own body reserves fo r  the production o f gonads, which occurs 
during w in te r. Both males and females lose up to  76 percent of th e i r  
l i p id  reserves; the males catabolise a l l  the mobilised l i p id  to meet 
energy demands during the breeding season, whereas the female deposit 
up to 38 percent o f the l i p id  in the roe (Henderson et al_., 1984 a).
1.2.3 Protein
!
In mammals both carbohydra te  and l i p i d  are im po rta n t energy 
stores (Love, 1980). Mammals are adapted to  accept a considerable 
proportion o f carbohydrate in th e i r  d ie t ,  and they may s u ffe r  a
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s l ig h t  re ta rda tion  in growth when re s tr ic te d  to  a high prote in  d ie t  
because o f the energy needed to  e lim inate the excess n itrogen. In 
f is h ,  the carbohydrates seem to  play a less important ro le  and the 
main sources o f energy appear to  be pro te in  and l i p i d .  Fish can take 
high prote in  d ie t  because they have the added a b i l i t y  to  e lim inate 
nitrogen waste through th e i r  g i l l s  (Ashley, 1972). Fish can excrete 
most o f th e i r  ammonia and urea continuously and ra p id ly .
During standard metabolism in f is h  energy is  derived e n t i re ly  
from amino acid catabolism, but as the metabolic rate increases the
l i p id  catabolism becomes increas ing ly  important (B re tt and Zala,
, W^ e,
1975). In common carp ( Cvprinus c a r p io ) , the absence of^enzyme
glycogen phosphorylase impairs glucose u t i l i z a t io n  and makes prote in
the main energy source (M urat, 1976 b ) .  S p e c i f ic  a c t i v i t i e s  o f
lysosomal enzymes which are involved in the breakdown o f prote in  are
found to be higher in f is h  than in mammals (Love, 1970).
1.2.4 Corticostero ids and catabolism
Energy expended by f is h  e sse n t ia l ly  comes from the oxidation o f 
l ip id s  or from glucose derived from amino acids by gluconeogenesis. 
Adrenocortical s tero ids appear to accelerate th is  process in f is h  
(B u tle r , 1968). C ort iso l and cortisone are the major g lucocortico ids 
present in f is h  and are produced by the in te rrena l t issue . The prote in  
ca tabo lic  property o f these s tero ids  becomes useful to  f is h  during the 
non-breeding phase, when m ob il iza t ion  o f pro te in  from muscle provides 
energy and raw materia l fo r  the developement o f gonads. In salmon
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(Oncorhvnchus sp.) a s ix  fo ld  increase in the plasma co r t ico ids  during 
spawning migration brings about catabolism o f 60 percent o f the body 
prote in  (Fontaine, 1975 as reviewed by Love, 1980).
1.3 JHE ENERGY BUDGET
The way energy is  p a r t i t io n e d  between metabolic demands w i l l
have a profound e f fe c t  on both surv iva l and breeding. For example,
investment in a c t iv i t y  may in fluence surv iva l by f a c i l i t a t in g  escape 
from predators, investment in somatic component may influence the time 
i t  takes fo r  somatic s truc tu re  to  become s u f f ic ie n t ly  developed to 
allow reproduction, and investment in gonadal t issue may influence
fecundity (Calow,1985). One the o re t ica l framework in which these 
issues can be considered is  tha t o f the energy budget (Warren and 
Davies,1967; B re tt and Groves,1979 and Calow,1985). The energy budget 
o f an animal summarises the way the to ta l  ava ilab le  energy is  
allocated to the various requirements fo r  surv iva l and reproduction.
Thus, fo r  a defined time period the energy budget is  described as
follows :
C = F + U + P + R 
where C = energy content o f the food consumed
F = energy content o f the faeces
U = energy content o f nitrogenous wastes 
P = growth: change in the to ta l  energy content o f the body,
inc lud ing any reproductive products released during the
defined time period 
R = to ta l  energy of metabolism
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The la t t e r  term can be subdivided in to  three components: the
standard metabolism or the ra te  o f energy expenditure o f a resting  
unfed animal (Rs), the add it iona l ra te  o f energy expenditure o f an 
active animal(Ra) and the add it iona l ra te  o f  energy expenditure 
associated with the ingestion and d igestion o f  food . The la t t e r  is  
known as the sp e c if ic  dynamic action ( SDA= Rd). Thus
C = F + U + P + R s + R a + R d
A convenient framework fo r  the discussion o f  energy p a r t i t io n in g  is  
the bioenergetics model i l lu s t r a te d  fo r  a f is h  in Fig 1.2
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GROSS ENERGY (C)
Energy in ingested food material
DIGESTIBLE ENERGY 
Energy in digested material
METABOLIZABLE ENERGY 
Energy in assimilated material
NET ENERGY
I
ENERGY IN FAECES (F)
ENERGY IN 
NITROGENOUS WASTE (U)
1
ENERGETIC COSTS OF 
DIGESTION (Rd) 
o r
specific dynamic action
1
GROWTH (P) STANDARD METABOLISM (Rs) ACTIVITY (Ra)
FIG. 1.2 MODEL OF ENERGY PARTITIONING IN A FISH 
(AFTER WARREN & DAVIES, 1967)
Accurate measurement o f the energy content o f food i . e .  heat o f 
combustion, is  v i t a l  fo r  ca lcu la t ing  the components o f the energy 
budget. The energy content o f the food is  genera lly measured by bomb 
ca lo r im etry . A dried sample o f  food is  weighed and placed in a th ic k -  
walled and a i r - t i g h t  steel chamber and is  completely burned by 
ig n i t in g  i t  in a high pressure o f oxygen. The heat released by the 
combustion is  measured and compared with tha t produced by burning a 
substance o f known energy content. The energy in the food (C) eaten 
over a period, the energy retained as growth (P) and the energy 
content o f faeces produced (F) can a l l  be estimated by means o f bomb 
ca lo r im etry . Energy lo s t  in urine (U) is  estimated by measuring the 
amounts o f ammonia excreted and m u lt ip ly ing  th is  by the known energy 
content o f ammonia. Respiratory heat loss (R) is  obtained by 
monitoring oxygen consumption and m u lt ip ly ing  th is  by an o x y c a lo r i f ic  
c o e f f ic ie n t  to a r r ive  at an estimate o f the amount o f energy lo s t  as 
heat. The o x y c a lo r i f ic  c o e f f ic ie n t  varies according to the resp ira to ry  
substrate. For example, the resp ira t ion  o f one mole o f glucose to 
carbon dioxide and water requires 6 moles o f oxygen (192 g) and 
releases 2833 kJ as heat, so the appropriate o x y c a lo r i f ic  c o e f f ic ie n t  
fo r  carbohydrate is  2833/192 or 14.76 jou les per mg o f oxygen 
consumed. This technique is  known as in d ire c t  ca lo rim etry , whereas 
d ire c t  ca lo r im e tr ic  methods measure the heat loss by an animal. The 
u n it  fo r  energy is  the jo u le  and one thermochemical ca lo r ie  is  equal 
to  4.184 jou le s .
12
A sample energy budget has been calculated fo r  the perch (Perea 
f l u v i a t i 1i s l over a 28 day period (Solomon and B ra f ie ld ,  1972). The 
components o f the energy budget show the fo llow ing  values.
C = F + U + P + R 
58.9 = 9.6 + 6.4 + 11.9 + 32.0
The sum of the values fo r  F, U, P and R is  59.9 k i lo jo u le s  (kJ),
whereas the estimate fo r  energy o f the food is  58.9 kJ. Probably the
discrepancy is due to  e r ro r  in the measurement o f one or more o f the 
components. The balance o f th is  energy budget is  sa t is fa c to ry  when
considering the v a r ie ty  o f techniques and the po ten tia l sources o f
e
e rro r  involved. The component P o f the energy budget which represents 
the change in the to ta l  energy content o f the body involved in growth 
and reproduction is  discussed in the next section.
1.3.1 The p a r t i t io n in g  o f energy between growth and reproduction
Somatic growth and reproduction are both production processes 
and are competing components fo r  the l im ited  net energy resources. The 
balance between growth and reproduction is  dealt w ith in  the 
theo re tica l framework now designated as L ife  H istory Theory. I t  seeks 
to  understand the se lec tive  forces tha t mould l i f e  h is to ry  
cha rac te r is t ics  such as growth, l i f e  span, age m aturity  and fecundity 
(Cole, 1954; Bryant, 1971; Charnov and Schaffer, 1973).
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Two fundamental questions involved in the p a r t i t io n in g  o f energy 
between growth and reproduction are the fo l lo w in g : at what stage o f
somatic development should energy be d irected from somatic to gametic 
processes and how much energy should be devoted to reproduction as
opposed to somatic production. As an attempt to answer the f i r s t  
question, the fo llow ing explanation is  rendered. There is  an important 
t ra d e -o f f  between fecund ity  and developmental time, w ith size acting 
as a 'hidden intermediary ' (Calow, 1985); th is  depends on the
re la tionsh ips  between size and fecundity  and the time i t  takes to 
reach a p a r t ic u la r  s ize. Under poor environmental conditions, i f  an 
animal waits to achieve a large size before i t  begins to  reproduce 
(thus gaining higher fecund it ies) i t  loses time and is  also exposed to 
increased chances o f m o r ta l i ty .  On the other hand i f  i t  s ta r ts  to 
reproduce early  i t  has a reduced chance o f dying without reproducing 
but su ffe rs  a low fecundity  associated with a smaller adult 
s ize. M o r ta l i ty  r is k  is  the re fore  one fa c to r  which determines 
e ith e r  early  breeding fo r  the sake o f saving time or la te  spawning 
fo r  the sake o f high fecundity (Stearns and Crandall, 1984).
A second question regarding how much energy should be invested
in reproduction as opposed to somatic production has been considered 
in d e ta i l  (Leon, 1976; Alexander, 1982; Calow, 1985). In the case of 
animals such as some insects and polychaete worms tha t reproduce on 
one occasion only and then die (sem e lpa r ity ) , the answer is  simple. 
Once reproduction is  in i t ia t e d ,  a l l  energy reserves should be u t i l iz e d  
fo r  th is  purpose. However, issues are more complex in the case of
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those animals which reproduce successively ( i t e r o p a r i t y ) , since 
investment in the current breeding episode has im plica tions both fo r  
fu tu re  surv iva l and fu tu re  reproduction. Negative co rre la t ions  have 
been recorded between fecund ity  and subsequent surv iva l o f the parent 
in a va r ie ty  o f species (Calow, 1979) and i t  has been possible to 
extend the longev it ies  o f some fishes by a r t i f i c i a l l y  preventing a 
reproductive dra in , fo r  example in freshwater r iv e r  lampreys (Larsen, 
1973).
Starvation o f animals which reproduce in successive breeding 
seasons may lead to reduced fecund ity , wherein short term reproduction 
is  s a c r i f ic  ed fo r  long term surv iva l o f the parent. For example, the 
w in te r flounder ( Pseudopleuronectes americanus) responds to food 
shortage by favouring investment in the somatic component o f the body 
at the expense o f gonads ( Tyler and Dunn, 1976). This strategy is  in 
contrast to tha t o f the smaller fishes which have re la t iv e ly  short 
l i f e  expectancies and give p r io r i t y  to the gonadal development, e.g. 
the cyprinodont medaka, Orvzias la t ipes  (H irs h f ie ld ,  1980).
1.4 ENERGETIC COSTS OF REPRODUCTION IN FISH
Reproduction usually requires more than the production of 
gametes; i t  may involve the development o f secondary sexual characters 
such as breeding colours and other morphological features; release o f 
pheromones and other secretions such as mucus fo r  attaching the eggs 
to  the substrate or fo r  the nest b u i ld in g . A l l  these w i l l  require the
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expenditure o f energy in add ition  to  the energy spent on the 
production o f gametes. Reproduction frequently  depends on complex 
behaviour which can include migration to the spawning areas as in the 
A t la n t ic  salmon (Salmo sa la r) . t e r r i t o r i a l  defence o f spawning areas, 
complex courtship sequences and parental care as in the c ic h l id  f is h  
Sarotherodon mossambicus. These behavioural a c t iv i t ie s  also demand an 
expenditure o f energy. Thus the energy costs o f reproduction are three 
fo ld :  f i r s t ,  those o f the primary sex products, the eggs or sperm;
secondly, those o f the secondary sexual ch a ra c te r is t ic s ,  and t h i r d ly ,  
those o f reproductive behaviour (Wootton, 1985).
1.4.1 Energetic cost o f gamete production
Possible ways of estimating the cost o f gamete production are: 
(a) number o f gametes produced per parent (b) biomass o f gametes 
produced (c) biomass o f gametes produced per biomass o f parent (d) 
energy invested in gonadal development as a proportion o f energy taken 
in (H irs h f ie ld  and T ink le , 1975; Calow, 1979). Method d expresses 
reproductive output in terms o f n u tr ie n t  input but does not make 
allowance fo r  the u t i l i z a t io n  o f energy reserves. Studies on the 
energetics o f ovarian maturation ind ica te  the a b i l i t y  of f ish  to 
maintain ovarian growth even during periods o f low energy intake by 
adopting an extremely low routine metabolism. For example, in a 
population o f pike (Esox lu c iu s ) in A lberta , spawning take place in 
A p r i l  and early  May. Ovarian growth s ta r ts  in August but 81 per cent
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o f the to ta l  increase is  achieved between October and March. Ovarian 
growth during w in te r is  not at the expense o f depletion o f the soma 
but is  supported by w in te r feeding (Diana, 1979; Diana and Mac Kay, 
1979). However, in the largemouth bass (Micropterus salmoides) and 
perch ( Perea f l u v i a t i 1 i s ) ovarian growth is  maintained during periods
o f low energy intake by t ra n s fe r r in g  resources from soma to  the
ovaries (Adams et al_., 1982; Craig, 1977). This p a r t i t io n in g  o f energy
ensures tha t the ovaries are r ip e  at the most su itab le  time o f the
year fo r  the production o f young.
The energetic cost involved in the maturation o f the testes may 
be lower compared with the cost o f ovarian maturation. For example, in 
the pike (Esox lu c iu s ) growth o f the testes occur in August. The 
energy fo r  th is  growth seems to  come from the l i v e r ,  which shows a 
loss in energy content equivalent to  the te s t ic u la r  gain during the 
same period (Diana and Mac Kay, 1979). However, low energetic cost fo r
the maturation o f testes compared to ovaries is  not a ru le . In the
A rc t ic  cod (Boreoqadus saida) the testes o f mature f is h  constitu tes  10 
to 27 percent o f the body weight (Craig et a l . ,  1982).
1.4.2 Energetic cost o f secondary sexual cha ra te r is t ies
Male lionhead c ich i ids (Steatocranus casuarius) have an enormous 
fa t t y  lump on the forehead. The male Mexican swordtail (Xiphophorus 
h e l le r i ) has the lower part o f i t s  t a i l  prolonged in to  a sword. In
bris t le -nosed c a tf is h  (Ancistrus sp.) males have branched fleshy
tentacles on th e i r  heads. These secondary sexual morphological
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features appear to be expensive to  make and may in some cases increase 
the v u ln e ra b i l i ty  o f the f is h  to  predators. In some f is h  species the 
colours are short las t in g  and may ind ica te  sexual maturity  as in the 
case o f the three-spined s t ick leback (Gasterosteus aculeatusl ( fo r  a 
review see Turner, 1986).
Studies on the energetic cost o f the development o f secondary 
sexual morphological ch a ra c te r is t ic s  in f is h  are very l im ite d . One of 
the in d ire c t  studies is  the inves tiga tion  on the e f fe c t  o f food ra tion
<xv\
on the development o f the kidney in to ^ e f fe c t iv e  mucus producing organ 
in the three-spined stick leback (Gasterosteus aculeatus) .  In s im ila r  
sized mature male stick leback maintained on d i f fe re n t  food ra tions 
(v iz .  2%, 6% and 18% of to ta l  body weight ra t ion  per day) i t  was found 
tha t males on low ra tions had s ig n i f ic a n t ly  smaller kidneys than those 
on higher ra t ions , ind ica ting  some in h ib i t io n  o f nest bu ild ing  at low 
food levels (Stanley, 1983).
1.4.3 Energetic cost o f reproductive behaviour
As mentioned e a r l ie r  in section 1.3 reproductive a c t iv i t ie s  
involved in spawning m igration, t e r r i t o r i a l  defence, courtship and 
parental care demand expenditure o f energy. For example, during 
spawning migration the A t la n t ic  salmon (Salmo sa la r) suffers  a massive 
depletion o f energy reserves, losing up to  99% o f i t s  l i p id ,  72% of 
i t s  prote in and 63% o f i t s  glycogen ( T i l i k ,  1932). T e r r i t o r ia l i t y  
plays an important ro le  in reproduction in many species o f f is h  and 
th is  can involve considerable energetic costs. Aggression and
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t e r r i t o r ia l  defence in f is h ,  p a r t ic u la r ly  reproductive aggression and 
t e r r i t o r i a l i t y ,  is  therefore considered in d e ta i l  in the next section.
1.5 REPRODUCTIVE AGGRESSION AND TERRITORIALITY IN FISH
One o f the aims o f th is  study is  to  examine whether natural 
va r ia t ion  in energy reserves among breeding male sticklebacks is  
re f lec ted  in behaviour during t e r r i t o r i a l  disputes. From th is  po in t o f 
view, i t  is  o f in te re s t  to review l i te ra tu r e  re la t in g  to reproductive 
aggression and t e r r i t o r i a l i t y  in f is h .
1.5.1 Aggression in f is h
Aggressive behaviour may be treated as one extreme o f a spectrum
cin
of behaviour in which^animal may attack, threaten or f le e .  The term 
agonistic  behaviour (Scott and Fredericson, 1951) is  often used to 
cover a whole range o f behaviour and has the advantage tha t i t  avoids 
drawing a rb ita ry  d is t in c t io n s  between aggression, th rea t and f l i g h t .  
I t  thus gives a b e tte r  p ic tu re  o f the complexity o f c o n f l ic t  between 
animals than does the term aggression alone (Huntingford and Turner, 
1987).
The fa c t tha t male f is h  often aggressively defend d iscre te  
breeding t e r r i t o r ie s  is  well established w ith studies on the three- 
spined stick leback (Gasterosteus aculeatus) (Tinbergen, 1951; 1953;
Huntingford, 1976 a ; Assem, 1967), green sunfish (Lepomis cvanellus)
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(Greenberg, 1947), pup f is h  (Cvprinodon macularius) (Barlow, 1961; 
Brown, 1978), pomacentrid f is h  (Hvpsvpops rubicunada) (Clarke, 1970), 
pygmy sunfish (Elassoma everq ladei) (Rubenstein, 1981), Reef fishes 
(Forstervoion varium) and ( Pseudolabrus ce l id o tu s ) (Thomson and 
Jones, 1983), C ich lid  fishes (T i la p ia  n i lo t i c a ) (M ishrig i and Kubo, 
1979), and dusky damselfish ( Eupomacentrus dorsopunicans) (Mahoney, 
1981).
Most studies on aggressive behaviour are based on f is h  disp lays, 
attack and escape. In A t la n t ic  salmon (Salmo sa la r) and rainbow tro u t 
(S .oa irdne ri) agonis tic  in te rac t io ns  between young f is h  by way of 
chasing and nipping becomes less common with age and are replaced by 
stereotyped f in  displays and head-down postures ( D i l l ,  1977; Cole and 
Noakes, 1980). At the end o f the encounter between two Siamese 
f ig h t in g  f is h  (Betta splendens) the g i l l  cover erections o f the winner 
are of longer duration than those o f the loser (Simpson, 1968). 
C ich lid  males suddenly seize one another by the mouth and remain more 
or less motionless fo r  a while w ith th e i r  jaws in terlocked and th is  is 
known as mouth f ig h t in g .
Encounters between breeding adult male three-spined stick leback, 
Gasterosteus aculeatus usually lead to aggressive in te rac t io ns . There 
is  an in te res t in g  form o f f ig h t in g  in stick leback described as spine 
f ig h t in g  or roundabout f ig h t in g  in which two males c i r c le  round each 
other ra p id ly ,  often w ith open mouth and erected spines ( Ie rs e l ,  1953; 
Wootton, 1976). When two nest-owning males are introduced at the same 
time in to  a neutral area which is  not large enough to  accommodate two
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t e r r i t o r ie s ,  one male w i l l  become dominant and eventually bu ild  a 
nest, the other w i l l  give up f ig h t in g  and become the subordinate, 
hiding somewhere so as not to  e l i c i t  attacks from the dominant f is h  
(Bakker and Sevenster, 1983). Dyadic encounters between two 
d e lib e ra te ly  mismatched males suggest tha t la rger or more b r ig h t ly  
coloured males have a s ig n i f ic a n t  advantage over smaller and d u l le r  
r iv a ls  (Whoriskey and Wootton, 1986).
1.5.2 T e r r i t o r i a l i t v  in f is h
The behaviour o f despotic animals, maintaining an exclusive area
by aggressive means, resu lts  in the phenomenon o f t e r r i t o r i a l i t y .
T e r r i to r ia l  behaviour is  a conspicuous a c t iv i t y  o f many animals who
defend resources such as mating s i te s ,  feeding areas and nests against
<2competitors. The area defended is  usually f ixed  with c le a r ly  defied 
boundaries and ownership is  proclaimed with d is t in c t iv e  displays and 
f ig h t in g .
Early attempts to l i s t  the functions o f t e r r i t o r ie s  were valuable 
in emphasising the d iv e rs i ty  o f kinds o f t e r r i t o r y  (Hinde, 1956; 
Timbergen, 1957). Since the in troduction  o f the idea o f an 
economically defensib le resource (Brown, 1964), both empirical and 
theore tica l studies have explored the conditions under which 
te r r i t o r ie s  are established and the sizes o f the te r r i t o r ie s  tha t 
re s u lt .  In f is h  the males genera lly  care fo r  the young and t e r r i t o r i a l  
behaviour is  common (eg the three-spotted Damselfish, Eupomacentrus 
p la n if ro n s . Thresher, 1976). Breeding te r r i t o r ie s  are defended fo r
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A graphical model of optimum te r r ito ry  size (A fte r Krebs and 
Davies, 1981)
*  The model assumes that as the area of a te r r i to r y  increase so do 
the costs of defence. The benefits increase at f i r s t  but level o f f  i f  
the resource becomes superabundant fo r  the animal. The area is  
economically defendable between A and B; w ithin th is  range maximum net 
gain is at X which therefore represents the optimum te r r i to r y  size. As 
the richness of the te r r i to ry  increases the point at which benefits 
level o f f  is  reached at a smaller s ize and optimum t e r r i t o r y  is  
therefore smaller. The second assumption is va lid  fo r  male pomacentrid 
f ish  due to lim ited capability fo r  sperm production but fo r  females 
the assumption is violated because the benefit curve continues to r ise 
with te r r i to ry  quality  as more eggs are produced.
several weeks in stick leback (see d e ta i ls  in la t t e r  part o f  th is
chapte r).
1.5.3 Energetics o f t e r r i t o r i a l  behaviour
Most studies o f consequences o f t e r r i t o r i a l i t y  have been carried 
out on b irds but not f is h  (Tinbergen, 1953; G i l l  and Wolf, 1975). 
Recently, most such studies have involved estimating the costs and 
benefits  o f t e r r i t o r ia l  behaviour and pred ic ting  the t e r r i t o r y  size
tha t maximises net gains or some other currency. Such analyses have
helped s c ie n t is ts  to explain natural v a r ia b i l i t y  both in the
occurrence of t e r r i t o r i a l i t y  and in the size o f the defended area
(Krebs and Davies, 1984; Huntingford and Turner, 1987). For example, 
considerations o f^  probable re la t ion sh ip  between te r r i t o r y  size and 
benefits  in male and female pomacentrid f is h  (Eupomacentrus 
p la n if ro n s l suggest tha t in males (where the curve o f benefits and 
te r r i t o r y  size leve ls o f f )  t e r r i t o r y  size w i l l  f a l l  as te r r i t o r y  
q u a l i ty  increases. In females, on the other hand (where the benefit 
curve continues to  r ise  w ith t e r r i t o r y  q u a l i ty ) ,  the reverse is 
predicted."^ Experimental manipulations of t e r r i t o r y  q u a l i ty  supported 
these pred ic tions , suggesting tha t t e r r i t o r i a l  behaviour is  indeed 
adapted to  the consequent costs and benefits (Ebersole, 1980). 
However, most studies in f is h  have concentrated on the behaviour of 
t e r r i t o r i a l  defence ra ther than i t s  energetic costs. Attempts are 
cu rre n t ly  being made to estimate the metabolic costs involved in 
aggressive a c t iv i t ie s  and to assess the energetics o f t e r r i t o r ia l
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behaviour. Costs o f aggression in Rainbow t ro u t  (Salmo qa irdn e r i) and 
pup f is h  (Cvprinodon macularius) have been studied (Feldmeth, 1983).
1.5.4 Hormones and aggression
In adult animals, hormones may influence peripheral structures 
used during c o n f l ic ts ,  such as body size ( in  male squ irre l monkeys), 
weapons ( in  so ld ie r  te rm ites ) ,  colour patterns ( in  l iza rds ) and scent 
production ( in  mice). Hormones may also influence the sense organs 
which detect agonistic  cues ( in  toads g iv ing  release c a l ls ) ,  the 
muscles ( in  stags) and neuromuscular junctions ( in  lobsters) to 
respond to them. On the other hand, in many species hormones act 
d i re c t ly  on the brain during ba tt les  over food, mates or in defence of 
young, as in l iza rds  and mice (Huntingford and Turner, 1987).
Aggressive encounters between two male animals and the 
subsequent f ig h t in g  a c t iv i t ie s  rap id ly  modulate hormonal leve ls , 
increasing testosterone leve ls in mammals (W ingfie ld, 1985). Short­
term increases in testosterone leve ls are observed at the s ta r t  o f a 
f ig h t ,  probably con tr ibu ting  to i t s  esca la tion . On a longer time 
scale, leve ls stay high in the v ic to r  and f a l l  in the loser.
There is  an evidence tha t experience in agonistic  s itua tions  can 
a l te r  p itu ita ry -a d re n o co r t ica l and gonadal a c t iv i t y  and i f  such 
changes la s t  s u f f ic ie n t ly  long they may change the animals baseline 
hormonal s ta te  and hence i t s  agon is tic  responding. For example, a f te r  
f ie rc e  f ig h ts  fo r  rank order pos it ion  between pairs o f male swordtails
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(Xiphophorus h e l le r i ) c o r t ic o id  levels in the blood and the body 
extracts o f both winners and losers increase at times ranging from one 
hour to  14 days a f te r  the end o f the f ig h t ,  i f  the r iv a ls  were kept in 
the same aquarium. Androgen leve ls  determined by radioimmunoassay 
(RIA) suggest tha t sh o rt ly  a f te r  the f ig h t  the losers had 
s ig n i f ic a n t ly  lower androgen leve ls than winners (Hannes et a l . .  
1984). Studies on sunfish ( Lepomis oibbosus) based on the quan tity  
o f in te rrena l t issue show tha t the least aggressive f is h  may have been 
under the most severe stress (Erickson, 1967). There is  an inverse 
re la t ionsh ip  between dominance status and nuclear size o f the 
in te rrena l t issue in male blue-gouramis (Trichooaster tr ichop te rus) 
(Poliak and C hris t ian , 1977). In seven out of twelve groups o f 
swordtails (Xiphophorus h e l le r i ) the top ranking male had lower 
adrenocortical a c t iv i t y ,  assessed by measuring the mean nuclear 
diameter o f adrenocotical c e l ls  (Scott and Currie, 1980).
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PLATE 1.1 Study species -  the three-spined s t ick leback 
(Gasterosteus aculeatus L.)
A mature male w ith breeding co loura tion  from the 
River Kelvin, Glasgow.

PLATE 1.2 A female three-spined stickleback (Gasterosteus 
aculeatus L.) from the River Kelvin, Glasgow.

1.6 GENERAL BIOLOGY OF THE THREE-SPINED STICKLEBACK (GASTEROSTEUS 
ACULEAIUS)
The male three-spined stickleback is  the study species o f th is  
pro ject and was selected because of i t s  elaborate reproductive 
behaviour and a v a i la b i l i t y  in abundance in the Scottish aquatic 
systems. In addition, th e i r  small size fa c i1itatescare and maintenance 
in laboratory.
I t  is  d i f f i c u l t  to  d is tingu ish male and female sticklebacks
during the non-reproductive phase, but during the breeding season 
there are external signs of sexual maturity such as the red nuptial 
colouration of the male stickleback (see Plate 1.1) and swollen
abdomen o f the female stickleback (see Plate 1.2). An account o f th e ir
general biology is given in th is  section.
1.6.1 D is tr ibu tion  and morphology
The three-spined stickleback is one of the smallest f ish  of 
northern waters, with a maximum adult length of 10 cm and belongs to 
the family Gasterosteridae. I t  does not support an economically
important commercial or sport f ishe ry , but has made important 
contributions to ethology, evolutionary biology, physiology, ecology 
and reproductive biology. I ts  geographical d is t r ib u t io n  is  e n t ire ly  in
the Northern Hemispere between la t i t i tu d e s  35° and 74°N.
A
The three-spined stickleback is  one o f the few freshwater f ish  
species native to Scotland (Campbell, 1984) (see Appendix 1 fo r
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species l i s t ) .  Stickleback populations occur in many r i vers, estuari es 
occur in many r iv e r  systems, estuaries and lochs both in the mainland 
and Islands. For example, the River Kelvin (situated in Glasgow), 
Luggie and Aurs Burn (situated in the suburb o f Glasgow), Mar burn 
stream (upland), Lennox Castle reservo ir (situated in the Campsie
H i l ls ,  north o f Glasgow), Loch Lomond (the largest loch), ponds in
V ic to r ia  park, Springburn park and Lochs in the Is le  o f North U is t- 
outer Hebrides (Giles, 1981; Campbell, 1984; Ukegbu, 1986). The 
commonly occurring stickleback morph in freshwaters is le iu ru s , though 
a range o f morphological var ia tion  may occur from the large, heavily 
armoured and spined specimens to ind iv iduals with no plates or spines. 
The body o f the stickleback is la te ra l ly  compressed and is spindle
shaped, tapering to a slender caudal peduncle which has a truncate
caudal f i n .  The dorsal and anal f ins  are found farback along the body. 
The pectoral f in s  are broad and rounded and the pelvic f ins  consist of 
a spine and a so ft f in  ray. In fro n t of the dorsal f in  are the three 
spines from which the f ish  takes i ts  common name.
The stickleback lacks scales and can usually be assigned to one 
o f the three morphological forms or morphs depending on the number and 
arrangement o f la te ra l plates. The three forms are named as trachurus, 
semiarmatus and le iurus (Munzing, 1959; Hagen, 1967). The Scottish 
fresh water populations o f stickleback are le iurus which have few 
la te ra l plates in the an te r io r region o f the body between one and nine
CL
plates in a row, and lack^caudal keel.
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1.6.2 General biology
The trunk musculature o f the stickleback lacks red muscle fib res 
(which are r ich  in l ip id ,  glycogen and myoglobin) but consist only of 
white muscle f ib res  which have low l ip id  and high g lyco ly t ic  enzyme 
a c t iv i t y  which induces a predominantly anaerobic type o f metabolism 
(Kronnie et a].., 1983). The stickleback is not a very active swimmer
and the white muscle is used fo r  short rapid bursts of swimming. In 
laboratory conditions they spend most o f th e ir  time remaining
motionless in the water column. Adjustments in the quantity of gas in 
the swim bladder allow3the f ish  to maintain neutral buoyancy as i t  
moves'up and down in the water column (Fange, 1953). The normal form of 
locomotion in t stickleback is  a le isu re ly  scu ll ing  with the pectoral 
f in s  which are aided by a well developed pectoral skeleton (labriform 
locomotion), but at times ado jd l rapid burst of swimming
(carangiform locomotion) when escaping from a predator, chasing a 
r iv a l  or approaching a gravid female.
A- swimbladder which is  divided in to  an terio r and posterior
portions is  situated in the dorsal region of the abdominal cav ity . In
the stickleback, the swimbladder lo' ses i t s  connection with the
shc.kletctc,k
alimentary canal in a few days a f te r  hatching and hence^ is  a 
physoclist f is h .  Neutral buoyancy in the water is achieved by the
secretion or reabsorption of gas through specia lly  adapted areas in 
the wall o f the swimbladder (Wootton, 1984).
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The alimentary canal consists of an oesophagus, stomach and a 
short s tra igh t in tes tine  and a rectum. The l iv e r ,  a ga ll bladder, 
pancreatic tissue and a spleen are associated with the alimentary 
canal. The l iv e r  has two lobes, o f which the r ig h t  lobe is larger than 
the l e f t  and i t  curves around the stomach reaching the py lo r ic  region. 
The l iv e r  ce l ls  are polyhedral and they surround the blood sinusoids 
(Wootton, 1984).
The kidneysare paired but they fuse po s te r io r ly . They are found 
under the vertebral column and the in terrenal ce l ls  occur in the head 
kidney. The trunk portion of the kidney is concerned with production 
of urine and a glue used fo r  s t ick ing  the nest together in the 
sexually mature male.
The gonads l i e  in the abdominal cav ity , paired testes in the 
male and paired ovaries in the female f is h .  Fish less than 9 mm in 
length have gonads that cannot be d if fe re n t ia te d  as male or female. 
The th in  visceral peritoniurn that covers the testes contains 
melanophores which produce black pigments and in mature males the 
testes appear dark whereas the ovaries are whitish in colour. Found 
dorsa lly  in each testes is  the vas deferens and the vasa deferentia 
from each te s t is  fuse and the common duct opens in to  the cloaca 
between the anus and the opening of the urinary bladder (Wootton,
1976).
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1.6.3 Age structure
In sticklebacks the age structure is  highly variable. Under 
favourable conditions of long day lengths, high temperatures of about 
20 0 C and adequate supplies o f food, stickleback usually mature at an 
age o f one year. The maximum reported l i f e  span in natural populations 
ranges' from 1 year to 4 years. For example, sticklebacks from River 
B irket (England) breed in th e i r  second summer o f l i f e  when about one 
year old and l iv e  up to four years (Jones and Hynes, 1950). 
Sticklebacks from lakes in Alaska f i r s t  breed when one or two years 
old and have a l i f e  span o f over two years (Greenbank and Nelson, 
1959). In contrast, populations from two streams in southern England 
and from Llyn Frongoch in North Wales are annual (Mann, 1971; Allen 
and Wootton, 1982) and few survive to an age o f more than one year.
Age structure studies based on small scale sampling from several 
s ites in Scotland suggest tha t sticklebacks from the more northerly 
s ites are annual (Giles, 1981). Further age structure studies based on 
length fequency histogramtfes and o to l i th  analysis together with an 
assessment of gonadal state of three Scottish populations of 
stickleback show that the l i f e  span is  ju s t  over a year, with only a 
few females of some s ites  surviving to  two years. However, survival to 
a second breeding season is  rare in females and never occurs in males. 
In contrast, sticklebacks from several s ites  in North Uist, Outer 
Hebrides may be biannual (Ukegbu, 1986; Ukegbu and Huntingford, in 
press).
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1.6.4 Annual growth rates
Growth rates in stickleback are variable, even between 
populations with a broadly s im ila r  age s tructure ; fo r  example, by 
th e ir  f i r s t  Apri l sticklebacks from two annual populations in southern 
England grow to about 44 mm (Mann, 1971) while at the same age those 
from Llyn Frongoch in Wales only measure about 30 mm (Wootton, 1985). 
In the f i r s t  year of l i f e  the southerly populations of stickleback 
have a growth curve that contains two periods when growth is checked 
(Jones and Hynes, 1950; Mann, 1971; Wootton^ 1978). A fte r hatching, 
there is  a period of rapid growth which is  checked fo r  several months 
during the w inter, while a period of renewed growth in spring is 
checked by the onset of the breeding season in la te  spring or summer.
Studies based on length frequency histogramprfes fo r  three 
Scottish stickleback populations (River Kelvin, Aurs Burn and River 
Luggie) suggest that growth is  rapid immediately a fte r  hatching but 
levels o f f  to a steady rate between the months of December and March. 
On an average the f ish  become 40 mm, 41 mm and 31 mm in standard 
length by the April o f th e ir  f i r s t  spring with average weights of 1.2 
g, 0.99g and 0.78g. By the end o f August they measure 46 mm, 52 mm and 
43 mm in standard length and 1.27g, 1.32g and 1.20g in weight. The
largest f ish  in the three populations are a l l  females with standard 
lengths of 68 mm, 65 mm and 59 mm weighing 4.38g, 2.78g and 2.50g
respective ly. Sticklebacks generally feed on tu b i f ic id  worms 
(Tubifex) . benthic species such as the cladoceran Daphnia, copepod
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Cyclops, other crustaceans l ik e  Asellus. and the larvae of the 
dipteran insect chironomid. Differences in growth rate w ith in and 
between populations may re f le c t  differences in d ie t .  Growth may depend 
on the re la t iv e  a v a i la b i l i t y  o f p ro f i ta b le  food items l ik e  copepods 
and less p ro f i ta b le  items l ik e  the crustacean Asellus (Ibrahim, 1988; 
Ukegbu, 1986).
1.6.5 Seasonal changes in energy reserves
One of the e a r l ie r  studies to examine seasonal changes in energy 
reserves (v iz .  glycogen) in the stickleback is  that o f Immers (1953). 
In th is  study, glycogen estimations were based on the techniques that 
were then available (see chapter 3). A more recent study which examines 
the annual changes in energy reserves (v iz . glycogen and l ip id s )  in 
female three-spined sticklebacks from two Welsh populations is that of 
Wootton et al_., (1978).
In Russia, a Latvian population of sticklebacks showed 
varia tions in glycogen reserve during the d i f fe re n t periods of the 
sexual cycle. The changes in to ta l glycogen in both sexes of 
sticklebacks are given in Table 1.1 (A fte r Immers, 1953). The maximum 
amount of glycogen (180 mg of glycogen per 100 gram of wet body 
weight) was found in both sexes during the period from August to 
December, and the minimum amount of glycogen (30 mg of glycogen per 
100 gm of wet body weight in males and 50 mg o f glycogen per 100 gm of 
wet body weight in females) was found during the spawning period from 
May to Ju ly. Male sticklebacks have th e ir  largest glycogen reserves
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TABLE 1.1 Total mean glycogen in stickleback from Dangava (in Latvia, 
Russia) during the d i f fe re n t periods of the sexual cycle -  in mg per 
100 g of body wet weight (A fte r Immers, 1953)
Period Female Male
Early pre-spawning period 
(Jan- March) 80 ± 5.3 50 ± 4.1
Late pre-spawning period 
(A p r i l -  June) 63 ± 4.5 43 ± 4.3
Spawning season 
(June-July) 70 ± 2.6 35 ± 1.3
Post-spawning period 
(July-Aug.) 80 ± 4.4 115 + 4.8
Period o f regeneration 
(Aug-Dee) 155 ± 5.3 150 ± 4.6
Annual mean 90 70
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in the l i v e r  (about 42.5% to 89.0% of the to ta l glycogen reserve) and 
the amount o f glycogen in the gonads did not exceed 35% of the to ta l 
glycogen reserve (Immers, 1953).
The check to the growth o f females in the breeding season (in 
terms of dryweight o f l i v e r  and carcass) occurs as a resu lt of the 
heavy investment the females make in egg production at th is  time 
(Wootton, 1973; Wootton and Evans, 1976). The w inter and the breeding 
season are periods of re la t iv e  depletion from the body and l iv e r ,  but 
the ovaries in female sticklebacks are insulated from depletion during 
w inter (Wootton et a l . ,  1978). The seasonal f luctuations in l ip id  and 
glycogen content of the d i f fe re n t  body components from female 
sticklebacks are given in Table 1.2 (A fte r Wootton et al.., 1978).
So fa r  no systematic monthly sampling programme has been carried 
out to estimate the annual va r ia t ion  in energy reserves in the male 
three-spined stickleback. This is  of considerable in te res t because of 
i t s  elaborate reproductive behaviour (v iz . t e r r i t o r ia l  defence, 
courtship and parental care) which demand expenditure of energy. 
Therefore energy reserves in male stickleback important fo r  
successful breeding. One of the aims of th is  study is therefore to 
estimate the energy reserves in^male three-spined stickleback, on a 
monthly basis over one complete year and to  re la te  these to changes in 
body size and breeding.
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TABLE 1.2 Seasonal fluctuations in lipid and glycogen content of carcass,
liver and ovaries (mg g- dry wt) from female sticklebacks (Llyn Erongoch and
the Rheidol). Means and standard errors of determinations from pooled samples
(After Wootton, Evans and Mills, 1978)
Season
FRONGOCH 
Carcass Liver Ovar ies
RHEIDOL
Carcass Liver Ovaries
L i p i d
Autumn 126 +4.4 NM NM 197 + 10 250 + 9.1 NM
Winter 110 + 7.2 176 + 20 124 + 13J 150 + 12.1 201 + 30 158 + 26.!
Spring 133 + 20 217 + 54.2 140 + 7.4 140 + 6.5 165 + 23.7 172 + 10.6
Summer 105 + 35.6 137 + 6.3 147 + 3.3 114 + 10.2 118 + 11.9 176 + 21.9
Glycogen
Autumn 1.1 +0.2 NM NM 1.4 + 0.1 163 + 29.3 NM
Winter 1.4 + 0.1 52.6 + 16.9 2.4 + 0.5 0.7 + 0.1 136 + 29.3 1.5 + 0.2
Spring 1.7 + 0.1 47.3+10 7.6 + 1.0 1.0 + 0.1 58. 1 + 1 . 2 3 7 . 1 + 0 . 1
Summer 2.0 + 0.5 15.6 + 1.9 7.5 + 1.1 2.6 + 0.8 17.1 + 1.6 11.2 + 0.7
ISM = No material for analysis
Autumn = Aug - Oct; Winter = Nov - Jan; Spring = Feb - Apr; Summer = May - Jul
3 4
1.6.6 Reproduction
+&e
The age at maturity  is  ty p ic a l ly  one year in Astickleback and 
breeding takes place at some time in the period between la te  March and 
early August (Wootton, 1976; Mullem, 1967). In the south, sticklebacks 
breed between March and May but they breed la te r  in the northerly 
populations (Vrat, 1949).
Sticklebacks l iv e  in environments where the photoperiod and
temperature show stAong seasonal patterns. Normally, sticklebacks
become sexually mature during spring, at a time of increasing
daylengths and higher water temperature. Maturation at long
photoperiods of 16 L - 8 D is accelerated at high temperature of about
-\&e
20° C; however, maturation does occur at^lower temperature of 10° C 
(Baggerman, 1980). The resu lt  of the in te raction o f the seasonally 
varying ab io t ic  factors of l ig h t  and temperature in conjunction with 
neuroendocrine system of the stickleback may be a precise timing of 
the breeding season at an eco log ica lly  appropriate time (Wootton, 
1984).
Sexual maturation in the male stickleback fa l ls  in to  two phases. 
The f i r s t  is the process of spermatogenesis by which mature 
spermatozoa are produced that are capable of f e r t i l i z in g  the eggs of 
female. The second is the maturation of ce l ls  in the testes which can 
synthesise stero id sex hormones, p a r t ic u la r ly  androgens 
(testosterone). Most o f the secondary sexual characte ris tics  of the 
male are androgen dependent.
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Timing of maturation events in the male stickleback is  variable. 
In sticklebacks from the Scottish populations, spermatids are most 
abundant between January and June as the males reach maturity and come 
in to  breeding condition. In the River Kelvin males, occurrence of 
spermatozoa is high between April and August (Ukegbu, 1986).
During the second phase o f sexual maturation the in te r s t i t i a l  
ce l ls  of testes increase th e i r  a c t iv i t y ,  secreting androgen which 
stimulates* a number of secondary sexual characte ris tics  of the male 
stick leback. The breeding colours are most s t r ik in g  among the 
secondary sexual characters. The f i r s t  sign of the appearance of the 
nuptial colour is the development of a patch of blue in the upper part 
of the i r i s  and eventually the en tire  i r i s  of the eye becomes blue. 
The blue colour of the i r i s  is due to reduction in the amount of 
guanin c rys ta ls  in the guanophores. As the i r i s  becomes blue, a red
(iy
colouration develops in the opjjcular region due to the expansion of 
erythrophores. At the maximum expression of the nuptial colours, the 
underside o f the mouth, the fo re -b e lly  and the opercular region are 
a l l  red. Due to the contracticmof the melanophores which contain a 
black pigment, the general colour of the body lightens considerably 
( fo r  a review see Wootton, 1976).
As the nuptial colouration develops the tubules in the kidneys 
become modified fo r  the production o f the glue used in nest build ing 
(Mourier, 1970). The transformation of the ducts and tubules is 
accompanied by an increase in the re la t iv e  size of the kidneys. Once 
the glue (a mucopolysaccharide) has been synthesised by the kidneys i t  
is stored in the urinary bladder before use.
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PLATE 1.3 Nest b u i l t  by a male-three spined stickleback 
(Gasterosteus aculeatus L.)

Accompanying these physiological changes of the reproductive 
cycle, are major changes in the behaviour of male sticklebacks. The 
reproductive cycle of the male stickleback can be divided in to  
d i f fe re n t  behavioural phases such as selection of a breeding s i te ,  
establishment of t e r r i t o r y ,  nest bu ild ing , courtship and mating, 
parental care fanning (Wootton, 1984).
Reproduction in the male stickleback s ta r ts  with a phase o f nest 
bu ild ing (Plate 1.3 shows a nest b u i l t  by a male stickleback) which 
then declines to a low level w h ils t the aggressive and sexual 
tendencies r ise  rap id ly  and both remain high fo r  a period. The male 
defends his te r r i t o r y  ac t ive ly .  Although the defence of his te r r i to r y  
tends to be directed most strongly towards conspecifics, other species 
of sticklebacks and intruders are also attacked. A fter one or more 
fe r t i l i z a t io n s ,  sexual a c t iv i t y  declines and the parental tendency 
rises with the male spending long periods fanning at the nest. During 
fanning the male positions himself in fro n t of the nest entrance and 
stays there, beating vigorously with his pectoral f ins  and t a i l .  The 
net resu lt is that the f ish  stays s t i l l  and a current of water is 
propelled through the nest and over the developing eggs, which keeps 
them well oxygenated. Plate 1.4 shows the f luctuations in the 
tendencies to perform nest bu ild ing , sexual behaviour, aggressive 
behaviour and nest ve n t i la t io n  during the reproductive cycle of the 
male stickleback (A fte r Sevenster, 1961).
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PLATE 1.4 Fluctuation in the tendencies to  perform nest 
build ing, sexual behaviour, aggressive behaviour and 
nest v e n t i l la t io n  during the reproductive cycle o f 
the male stickleback (From Sevenster, 1961)
First clutch fertilized Young hatch
Sexual behaviour
Aggressive behaviour
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Days from start of cycle
These are a l l  energe tica lly  expensive a c t iv i t ie s  which are l ik e ly  
to deplete energy reserves. The f u l l  sequence o f t e r r i t o r ia l  defence, 
courtship and parental care must be completed i f  the young are to be 
reared successfully. Stanley and Wootton (1986) suggest that the 
p ro b a b i l i ty  tha t a male stickleback w i l l  contest a te r r i t o r y  w i l l  
depend on his current energy reserves. Males w i l l  only gain a fitness 
advantage from having a te r r i t o r y  i f  they can use i t  to rear young. 
Experimental manipulation of d ie t in the weeks before the s ta r t  of the 
breeding season give support to th is  suggestion. Individual male 
stickleback show great natural varia tion  in aggressiveness 
(Huntingford, 1982) and i t  is  possible that th is  v a r ia b i l i t y  is caused 
by differences in energy reserves. A f in a l  aim of th is  project is to 
tes t th is  p o s s ib i l i t y  by re la t ing  energy reserves to the outcome of 
t e r r i t o r ia l  f ig h ts .
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1.6 SUMMARY OF AIMS
1) To estimate the energy reserves o f the d i f fe re n t  body 
compartments (v iz .  l i v e r ,  gonad and carcass) in males o f a Scottish 
population o f  three-spined stickleback (Gasterosteus aculeatus) on a 
monthly basis over one year.
2) To re la te  the annual va r ia tion  in energy reserves to  changes 
in (a) body size (b) condition fac to r o f the body (c) somatic 
condition fac to r  (d) hepatosomatic index and (e) gonadosomatic 
i  ndex.
3) To corre la te  a l l  these changes to  major l i f e  cycle events 
such as maturation and breeding.
4) To examine the re la tionsh ip  between energy reserves and the 
outcome o f t e r r i t o r ia l  f igh ts  ie .  to  examine whether natural var ia tion 
in energy reserves among breeding male stickleback is  re flected in 
behaviour during t e r r i t o r ia l  disputes.
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CHAPTER. 2 GENERAL METHODS
2.1 COLLECTION SITES: LOCATION AND DESCRIPTION
The River Kelvin is  situated in Glasgow and is  located 4 degrees 
18 minutes West longitude and 53 degrees 0 minutes North la t i tu de . The 
River Kelvin rises is  an area of marshy ground 55 metres above sea 
level near the v i l la g e  of Kelvinhead. I t  then flows fo r  30 km to jo in  
the Clyde estuary in the west end of Glasgow. In i t s  lower reaches i t  
is the central feature o f the Kelvin walkway, an area of recreation. 
The River Kelvin catchment has eight flow gauging stations sited on i t  
and from th is  network the flow rates of the main r iv e r  and the major 
t r ib u ta r ie s  are monitored by the Clyde River P urif ica t ion  Board.
The River Kelvin is  polluted close to i t s  point of o r ig in  by 
discharges of iron-bearing ground water draining from the abandoned 
coal mines. However, in i t s  upper reaches th is  e ffec t diminishes with 
the f lo w  o f  the r i v e r .  The r i v e r  passes through the west end o f 
Glasgow down a se r ies  o f sho rt f a l l s  which improve the oxygen 
concentration in the r iv e r  before i t  flows in to  the Clyde estuary. The 
River Kelvin i t s e l f  is an extensive and a fast flowing urban r iv e r ,  
but the sampling was carried out in a slow flowing ou tle t of the 
r iv e r .
The other f ish  species which were commonly encountered during 
sampling were mainly minnows, Phoxinus phoxinus, and few nine-spined 
stickleback, Punqitius punq it ius .
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2.2 COLLECTION METHODS
Samples were collected using a 3 mm mesh hand net of 40 cm. 
d iam eter. S t ick lebacks  were u su a lly  found underneath aquatic  
vegetation in depths less than 1 metre and were seined by hand net. 
Live f ish  were ca re fu l ly  transported back to the laboratory in opaque 
p la s t ic  containers.
In order to avoid depletion of the stickleback population with 
frequent sampling in the River Kelvin, i t  was necessary to f ind  the 
minimum sample s ize  th a t  gives an adequate measure o f  the body 
parameters of the f ish  in the population. The mean and variance of 
length, weight and biochemical parameters of d i f fe re n t sample sizes 
were p lo tted , and th is  revealed that the estimates s ta b i l is e  with a 
sample size of twenty f is h .
Lacks
Regular co llections of 20-30 male s t ic k le ^  were made in the 
middle of each month from November 1985 to October 1986 fo r  analyses 
of energy reserves. Table 2.1 gives the sample size, mean length, mean 
weights and standard errors o f the male three-spined stickleback 
collected from the River Kelvin. Sexually mature male sticklebacks 
with breeding colouration were collected fo r  behavioural experiments 
during the breeding seasons of 1985 and 1986. During the breeding 
season the male sticklebacks could be easily  distinguished by th e ir  
cha rac te r is t ic  red colouration. During the non-breeding season i t  was 
d i f f i c u l t  to d is tinguish between the male and female sticklebacks 
since there is  no marked sexual dimorphism. Hence at least fo r ty
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Table 2.1 Sample size, mean lengths, mean weights and standard 
errors of the male three-spined stickleback collected 
from the River Kelvin from November 1985 to October 1986.
Month and year Sample size Mean length Mean wet weight
+ S.E. ± S.E.
(mm) ( gms)
0 1 Total 0 1 0  1
November 85 08 14 22 35.60 
+ 2.09
41.93 
+ 1.79
0.602 
+ 0.1107
1.067 
+ 0.1595
December 85 14 08 22 35.86 
+ 1.60
42.62 
+ 0.66
0.577
+ 0.0962
1.224
+ 0.1338
January 86 20 00 20 35.95 
+ 1.34
NA 0.680
+ 0.0968
NA
February 86 24 00 24 36.91 
+ 1.24
NA 0.758
+ 0.1032
NA
March 86 26 00 26 37.96 
+ 1.46
NA 0.697 
+ 0.0639
NA
Apri 1 86 30 00 30 38.56 
+ 1.03
NA 0.753 
+ 0.0759
NA
May 86 21 00 21 38.88 
+ 1.88
NA 0.842 
+ 0.1827
NA
June 86 22 00 22 42.00 
+ 1.79
NA 1.103 
+ 0.128
NA
July 86 02 18 20 30.00 
+ 1.01
44.16 
+ 1.020
0.300 
+ 0.0137
1.160 
+ 0.1591
August 86 03 23 26 31.00 
+ 1.02
38.78 
+ 0.81
0.303 
+ 0.0583
0.679 
+ 0.1020
September86 13 07 20 31.31 
+ 1.07
39.85 
+ 0.96
0.360 
+ 0.0299
0.961 
+ 0.1578
October 86 12 18 30 35.00 
+ 1.02
39.77 
+ 1.02
0.588 
+ 0.0402
0.827 
+ 0.0531
0 = young of the year
1 = adult f ish  
NA = Not available
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sticklebacks had to be collected in order to  get about twenty male 
f is h  f o r  a n a ly s is .  S tick lebacks  th a t  were p a ra s i t is e d  w ith  
plerocercoids of the cestode, Schistocephalus solidus were not used 
fo r  energy reserve analyses and in behavioural experiments. Fish less 
than about 30 mm of length could not be sexed a fte r  dissection without 
h is to log ica l analyses of the gonads and such small f ish  were excluded.
Mass m orta l i ty  of spawned males was observed in the f ie ld  soon 
a fte r  the breeding season. June and July samples consisted only of 
breeding male sticklebacks as they were se lec t ive ly  chosen fo r  ease of 
sex id e n t i f ic a t io n .  Though newly hatched f ish  f ry  were encountered in 
the July sample they were not used fo r  the analyses o f energy reserves 
as i t  was d i f f i c u l t  to id e n t i fy  the sex of young f ish  below 30 mm 
length.
2.3 ASSIGNING FISH JO AGE CLASSES
A p ic tu re  of the age structure fo r  the River Kelvin stickleback
population has been obtained from studies based on length frequency 
histogramAjes and o to l i th  analysis where age and length agreed w e ll. 
Body weight proved to be an accurate d iscrim inator between one year
old and zero year old f ish  present in a given month (Ukegbu, 1986).
In the present study, weight was used as a c rite rion  fo r  d istinguish ing 
young of the year from adult f is h .
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2.4 STRESS DUE TO CAPTURE
Capture of f ish  by net and handling involves various degrees of 
struggle and asphyxiation which cause behavioural and physiological 
changes c o l le c t iv e ly  referred to as stress. There are a number of 
cha rac te r is t ic  external signs of stress in f ish  which include ataxia, 
tachyventila tion and marked colour change. Most of the components of 
any general s tress  response are the re s u l t  o f the fo l lo w in g  two 
physiological changes.
a) Rel ease of catechol amines: The c^roYY^fm ceils, contain the
a c t iv e  ca te ch o la m in e s  v i z . ,  e p in e p h r in e  (a d re n a l in e )  and
norep inephrine (n o ra d re n a lin e ),  which are released as a s tress
response. These in turn produce a series of s ig n if ic a n t changes, such
as glycogenolysis in the l iv e r  and muscle (by which extra energy is 
a
made av^lable to the stressed f is h ) ,  increased blood glucose and 
lac ta te , changes in free fa t ty  acids, tachycardia, tachyventila tion, 
vasodilation or vasoconstriction and increased p e r is ta l /s is .  These 
changes may begin in less than a second and may las t up to a few hours 
(Ross and Ross, 1984).
b) Release of co rt icos te ro ids : C ort iso l,  which is the major
cort icos te ro id  in te leost f is h ,  is released as a stress response from 
the in terrenal tissue in the kidney. This results i© a series of 
changes such as protein m obilisa tion , increased glucose production 
from t is s u e  p ro te in ,  increased a c t i v i t y  Na+/K + (ATP-ase) (Yaron 
(Yaron, et a l . ,  1983).
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Due to the above mentioned reasons, the newly caught exhausted 
f ish  could not be used fo r  meaningful determinations o f biochemical 
components and the f ish  were allowed to rest in aquaria fo r  two days. 
Fish were housed in 1 m long aquaria at a density of not more than 10 
f ish  per tank.
2.5 CARE AND MAINTENANCE OF JHE FISH
Breeding male sticklebacks were collected during the breeding 
season fo r  behavioural experiments. Each male f ish  was housed singly
CL
in tanks mesuring 500 X 280 X 360 mm and allowed to s e tt le  down to a, 3
commence nest construction. The tank f loo rs  were provided with a layer 
of gravel, f ine  sand and aquatic vegetation. A ll f ish  were kept in a 
l ig h t  regime of 16 l ig h t  hours and 8 dark hours. The f ish  were fed 
da ily  ad 1 ibitum with l iv e  Tubifex worms and occasionally with l ive  
Daphnia.
As the male f is h  s e t t le d  down in t h e i r  tanks, most o f them 
started bu ild ing nests. The water in the tanks was always kept clean 
and was changed frequntly  in order to prevent f ish  diseases and to 
eliminate the accumulation of waste products in aquaria. A constant 
aeration system was employed fo r  the f is h .  The a i r  temperature in the 
laboratory varied in summer from 18 0 C to 20 0 C. A ll possible 
precautions were taken to minimise disturbance to the f is h .
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2.6 HANDLING AND PROCESSING OF FISH PRIOR TO ANALYSIS
Fish fo r  analysis were l i f t e d  out of the aquaria, quickly frozen 
by immersing in l i q u id  n itroge n  (-196° C) to  avoid glycogen 
breakdown. The frozen f ish  were labelled and stored at -70° C in a 
deep freezer immediately in order to arrest the enzyme reactions which 
are in v o lv e d  in  th e  c o n v e rs io n  o f  g lycogen to  g lucose  
(Glycogenolysis).
At the time of analysis f ish  were removed from the deep freezer 
and th e i r  lengths and weights were recorded. The lengths were measured 
using f in e ly  pointed dividers which were then transferred to vernier 
ca lipers to the nearest 0.1 mm. The f ish  were dissected, sexed and in 
males the l iv e r ,  gonad and carcass were separated. The wet weights of 
these body compartments were recorded. The body compartments were 
labelled and were kept in a freezer at -40° C fo r  at least one hour 
p r io r  to  freeze drying. Then they were loaded in the freeze-dryer 
(Edwards EF03) in order to  dehydrate the body compartments by a 
process of lyoph i1iza tion  which avoids destruction of glycogen. The 
pirani-gauge of the freeze-dryer was checked to read the degree of 
dryness and a f t e r  about 24 hours the samples were removed and 
transferred to a desiccator and kept in a fr idge . The dry weights of 
the samples were recorded.
Estimations were carried out to assess the glycogen, l ip id s  and 
protein contents of the samples. The de ta ils  are given in chapters 3, 
4 and 5 respective ly. Details about the behavioural experiments are 
given in chapter 8.
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2.7 STATISTICAL ANALYSIS
The data were checked fo r  normal d is tr ib u t io n  with the help o f 
the Mainframe Computer System o f the Glasgow U n iv e rs i ty  and 
logarithm ica lly  transformed when necessary. Parametric tests were 
carried out where appropriate using the Minitab package. Graphs were 
drawn using the Laser W riter Apple Macintosch.
In the behavioura l te s ts ,  the values obtained fo r  energy 
reserves in winners and losers were analysed s ta t is t ic a l ly  using 
param etric  te s ts  and where approp r ia te  non-parametric te s t  (the 
Wilcoxon matched-pair signed-rank tes t) was used. This tes t was 
chosen because the study employed two related samples and yielded 
scores which were ranked in order o f absolute magnitude.
2.8 LITERATURE SEARCH
L ite ra tu re  survey was done by Biosis database Microcomputer 
system with the help of the Glasgow University l ib ra ry .
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CHAPTER 3
SEASONAL VARIATION IN GLYCOGEN RESERVES
3.1 INTRODUCTION
Glycogen is  the form in which carbohydrate is  stored in animals; 
i t  is  found in the l iv e r ,  muscles and other tissues, but is  very low 
in the brain. Glycogen is  a homopolysaccharide of high molecular 
weight. In the glycogen molecule the component glucose residues are 
linked in chains by both 1,4 and 1,6 alpha glycoside bonds to give a 
highly branched structure . This open t re e - l ik e  structure has many ends 
available fo r  enzyme action (0ser,1965).
Major precursors of l iv e r  glycogen w ith in  the animal body 
include: glucose, fructose and galactose produced by carbohydrate
digestion in the in te s t ina l t ra c t ,  blood glucose and blood la c t ic  
acid, the glycerol portion o f the fa ts and glucogenic aminoacids of 
the prote in . Fats and proteins are derived from e ithe r the d ie t or the 
body which are capable of being converted in to  glucose and then into 
glycogen. Precursors of muscle glycogen include the glucose of the 
blood and the la c t ic  acid produced from glycogen during muscle 
contraction.
Excess blood glucose is converted to glycogen in the l iv e r  and 
muscles. The formation of l iv e r  glycogen is a mechanism whereby the 
excess glucose derived from the d ie t may be stored u n t i l  i t  is 
reconverted to blood glucose to meet the demands of energy
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requirement. These various in te rre la tionsh ips with regard to l iv e r  and 
muscle glycogen are summarized in Figure 3.1.
3.2 GLYCOGEN METABOLISM
Glycogen is  synthesised from glucose 6-phosphate wherein the 
la t te r  is converted to glucose 1-phosphate by the enzyme 
phosphoglucomutase, which is then combined with urid ine triphosphate 
(UTP) by the enzyme UDPG-phosphorylase to form urid ine diphosphate 
glucose (UDPG). The glucose moiety is then transferred from the 
ur id ine diphosphate (UDP) c a r r ie r  to the uncompleted end of a glycogen 
molecule by the enzyme UDPG -  glycosyltransferase to elongate the 
glycogen chain.
Glycogen can easily  be reconverted to glucose 1-phosphate by the 
action of glycogen phosphorylase. Glucose 1-phosphate can be converted 
to glucose 6-phosphate (fry t he cngynrcr-prlTO^ frh-ogTucomutas^ which in turn 
can be converted to glucose.
In muscle tissue the glycogen is converted to carbon dioxide, 
water and energy, which occurs in two steps: the f i r s t  is an anaerobic 
conversion o f glycogen to pyruvic acid and la c t ic  acid and is known as 
g lyco lys is  or the g lyco ly t ic  path; the second is  the aerobic oxidation 
of pyruvic acid to carbon dioxide, water and energy which is known as 
the t r ic a rb o x y lic  acid or TCA cycle. The anaerobic g lyco ly t ic  phase is 
more rapid than the aerobic phase and la c t ic  acid tends to accumulate. 
This la c t ic  acid is  carried back to the l iv e r  by the blood stream
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where i t  is reconverted to glycogen or glucose. Figure 3.2 i l lu s t ra te  
the pathways of glycogen metabolism. The conversion of glycogen to 
glucose and i t s  phosphates is  referred to as glycogenolysis. The 
reverse process, tha t is ,  the conversion o f glucose to glycogen is 
known as glycogenesis (Oser, 1965).
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Key to Fh  3^2 Pathways o f alvcoqen metabolism
1. hexokinase
2. phosphoglucose isomerase
3. phosphofructokinase
4. aldolase
5. glycogen synthesising enzymes
6. glycogen cleavage enzymes
7. glucose-6-phosphate dehydrogenase
8. 6-phosphogluconate dehydragenase
9. other enzymes of pentose phosphate pathway
10. enzymes of nucleic acid and nucleotide synthesis
11. glycerol 3-phosphate dehydragenase
12. other enzymes of g lyco lys is
13. pyruvate kinase
14. lacta te dehydragenase
15. pyruvate dehydrogenase
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3.3. METHODS OF GLYCOGEN DETERMINATION
Microcolorimetric techniques fo r  the determination o f sugars have 
replaced the e a r l ie r  volumetric reducing procedures and have also 
permitted the d ire c t estimation o f non-reducing oligosaccharides and 
polysaccharides. This procedural s im p li f ica t io n  is  a consequence of 
the combined conditions of high ac id ity  and temperature required fo r  
the development of the coloured compounds when concomitant hydrolysis 
o f g lycosid ic bond occurs (Montgomery, 1957).
The o r ig ina l Pfluger procedure, 1905 (as reviewed by Montgomery, 
1957) involves bo il ing  the tissue in 30% KQH so lu tion , alcohol 
p re c ip ita t io n ,  acid hydrolysis o f the p rec ip ita te  and copper reduction 
o f the neutra lized hydrolysate. Good, Kramer and Somogyi (1933) 
concluded that the or ig ina l Pfluger procedure is the only adequate 
method fo r  the determination o f glycogen and these authors introduced 
improvements in to  the Pfluger procedure which speeded the method up 
considerably.
In curren tly  used methods the tissue is  extracted e ithe r by 
bo il ing  with 30% potassium hydroxide solution (KOH) or by 
homogenizing with 5% tr ich lo ro a ce t ic  acid solution (TCA). The 
procedure is to boil the tissue with KOH and then to determine the 
glycogen in the a lka li- t re a te d  mixture with anthrone reagent (S e ifte r  
e t a l . ,  1950; Bloom et al.., 1951). A method based upon the use of
anthrone reagent gave results  o f a high degree of s p e c i f ic i ty  and 
precision (C arro ll,  Longley and Roe, 1956). Montgomery (1957)
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considers tha t the most spec if ic  quan^ative method fo r  glycogen 
determination is  the tu rb im e tr ic  procedure involving the use of
g lobu lin , and Concanavalin A (extracted from jackbean meal according 
to the method of C ifo n e l l i  and Smith, 1955).
L ip id -free  tissues have been used fo r  glycogen assays (Wootton 
et a l . , 1978). The tissue was heated with 4 ml of 80% Ethyl alcohol
and then centrifuged at 3000 rpm. The supernatant was discarded and 
the p rec ip ita te  was heated at 100 0 C in 4 ml t r ich lo ro a ce t ic  acid fo r  
15 minutes to extract the glycogen. A 2 ml a liquot of the supernatant 
resu lt ing  from the extraction was analysed by the anthrone method 
(S e if te r  et a l . ,  1950).
3.4 SEASONAL VARIATION IN GLYCOGEN RESERVES IN STICKLEBACKS
As discussed in chapter one, to ta l glycogen reserves vary during 
the d i f fe re n t  periods o f l i f e  cycle of many animals. Glycogen 
estimations have been carried out on Latvian populations of male and
female stickleback in Russia (Immers, 1953). The samples were 
collected at key times of the year (a to ta l number of 105 male and 103 
female sticklebacks) and were pooled to analyse seasonal glycogen 
values. The l iv e r ,  gonad and skin (removed from the body proper) were 
used to estimate the to ta l glycogen reserves. The carcass was not used
in the analysis (see Table 1.1 fo r  glycogen values). The glycogen
assays were based on the techniques tha t were then available v iz . 
P fluger's modified method (see above). Glycogen estimations have also
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been carried out using female sticklebacks from two Welsh populations 
(Wootton et a l . ,  1978). In th is  case the samples were collected 
monthly fo r  one year, but the monthly sample of each body compartment 
from each population was pooled to estimate seasonal glycogen values 
(see Table 1.2). Glycogen was determined by methods described by 
Lambert and Dehnel, 1974. In th is  method, the d if fe re n t  compartments
of the f ish  (v iz . the l iv e r ,  gonad and carcass), were dried to a 
constant weight at 70 0 C and then l ip id  was extracted p r io r  to 
glycogen assays (see above).
So fa r  no systematic annual sampling has been carried out on 
d i f fe re n t  age groups of male three-spined sticklebacks in order to 
estimate th e i r  energy reserves. This is of considerable in te rest as 
t e r r i t o r ia l  defence, courtship and parental care in male stickleback 
demand expenditure of energy, hence good body condition of the male is 
important fo r  successful breeding. One of the aims of th is  study is to 
examine the annual varia tion  in glycogen reserves in males of a 
Scottish population of sticklebacks at d if fe re n t  stages of the l i f e  
cycle, using samples collected systematically on a monthly basis over 
one complete year and employing appropriate processing and assay 
techniques.
3.5 MATERIAL AND METHODS
Sticklebacks were collected from^River Kelvin each month between 
November 1985 and October 1986 and processed as described in chapter
2. The method used to estimate glycogen in th is  pro ject was based on
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t issue extraction with 30% potassium hydroxide solution and the 
estimation of glycogen with anthrone reagent (S e ifte r e t . a l .,1950). 
Dr.R.H.C.Strang o f the Biochemistry Department of Glasgow University, 
designed the processing techniques fo r  handling f ish  samples p r io r  to 
glycogen assays to avoid glycogen breakdown due to enzyme reactions. 
The f is h  used fo r  analyses in th is  project were k i l le d  in l iq u id  
nitrogen at -196 0 C and were immediately placed in a deep freezer of 
-70 0 C to avoid glycogenolysis. The f ish  were dehydrated by a process 
of lyoph i1ization to avoid high temperatures that could resu lt  in 
glycogen break down.
Glycogen has a high resistence to attack by a lk a l i ,  but Potassium 
hydroxide (KOH) acts on fats and destroys the peptide bonds of the 
prote ins. A fte r a lk a l i  treatment, the supernatant contained the 
glycogen, amino acids and g lyco lip ids . The supernatant was decanted 
and treated with two volumes of 95% ethanol. This precip ita ted the 
glycogen leaving the other water soluble compounds l ik e  amino acids in 
the so lu tion . Further p u r i f ic a t io n  of glycogen was obtained by 
subsequent p rec ip ita t ion  with ethanol. Glycogen pe lle ts  were washed 
with chloroform-methanol 1:4 mixture to extract any g lyco lip ids  
present. The glycogen pe l le t  when redissolved in water was used to 
estimate the glycogen as glucose using anthrone reagent.
The anthrone reaction was the basis o f a rapid and convenient 
method fo r  the determination o f glucose. Concentrated sulphuric acid 
hydrolysed the g lycosid ic bonds to give monosaccharides which were 
then dehydrated to fu r fu ra l and i t s  derivatives (from six carbon to
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f iv e  carbon). Furfural reacts with anthrone (10 keto-9,10-dihydro­
anthracene) to give a blue-green complex, with an absorption maximum 
at 620 nm. A d ig i ta l  spectrophotometer (model SP-6-550) was used to 
obtain the optica l density readings which were matched with the 
standard glucose curve and the corresponding values were taken.
The procedure is  depicted below in the form o f a flow chart.
Fish k i l le d  in l iq u id  nitrogen (-196 0 C) and 
transferred to an u ltra -co ld  freezer (-70 0 C)
1
Wet weight and standard length recorded and f ish  
dissected on melting ice. Wet weights of body compartments 
recorded and specimens kept at -30 0 C fo r  one hour. Fish 
tissue dehydrated by freeze-drying fo r  24 hours in 
Edwards EF03 freeze d r ie r
'i
Dry weight of tissues recorded and tissues ground in to  
powder
> 1
Known weight of the tissue introduced in to  an Eppendorf 
tube, 0.5 ml o f 30% KOH added and heated on a
water bath fo r  20 minutes
i r
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Contents in the Eppendorf tube mixed well using 
vortex mixer and centrifuged fo r  10 minutes
1
1 ml of 95% ethyl alcohol added to the supernatant
I
Supernatant kept in a re fr ig e ra to r  fo r  2 hours to help 
p rec ip ita t ion  of glycogen «
T
Centrifuged fo r  10 minutes at 10,000 gI
Supernatant discarded and to the p rec ip ita te  added 1 ml 
o f 65% ethyl alcohol
' r
Centrifuged fo r  10 minutes at 10,000 g
\
Glycogen pe lle ts  washed with chloroform/methanol 
1:4 mixture to remove g lyco lip ids , and then washed with 
65% ethanol u n t i l  washings were of neutral pH
* r
Glycogen pe lle ts  dissolved in 0.5 ml of water and heated 
on a bo il ing  water bath fo r  5 minutes
1
Centrifuged fo r  10 minutes at 10,000 gt
1 ml of anthrone reagent added to 100 ji 1 o f the glycogen 
solution (1:10 ra t io )  and mixed well using a wh ir l im ixer
' r
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Mixture heated on a water bath fo r  exactly 20 minutes 
and a bluish-green colour developed
Mixture cooled on an ice bath1
The optical density read in the spectrophotometer at 620nm 
and matched with a standard glucose ca lib ra t ion  curve.
For every batch of tes t solutions freshly-prepared glucose 
standards were used to p lo t a glucose ca lib ra t ion  curve. Glucose 
standards of d i f fe re n t range were prepared by d i lu t in g  the 1 mM 
glucose stock solution keeping the to ta l volume constant at 1 ml. 
Variable volume micropipettes with disposable e jector t ip s  were used 
to prepare the glucose standard solutions. The molecular weight of 
glucose moieties was assumed to be 162 (180 -  18 ie molecular weight 
of glucose moieties minus molecular weight of water) when calcu lating 
the weight o f glycogen standard (Strang, personal communication). The 
glycogen standards were taken through the same procedure as the test 
so lu tions. These were used fo r  comparison and were matched with 
glucose ca lib ra t ion  curve. Glycogen values expressed as j i  mol g-^ d.w 
in th is  thesis re fe r to ju mol glycosol un it per gram dry weight of the 
tissue.
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3.6 DATA ANALYSIS
Mean monthly levels of glycogen reserves were calculated fo r  
f ish  o f each age class (v iz . the young f ish  o f the year and the adult 
f is h .  The data were checked fo r  normal d is tr ib u t io n  and transformed 
when necessary. Product-moment corre la t ion  coe ff ic ien ts  were 
calculated between the body weight and the glycogen reserves in the 
l iv e r ,  gonad and carcass. One way analysis of variance (ANOVA) was 
used to check fo r  a seasonal var ia tion  in glycogen reserves. The 
re la tionsh ip  between body weight and glycogen reserves was 
investigated by regression analysis fo r  each month separately over a 
period o f one year, considering the young of  the year and adult f ish  
separately.
3.7 RESULTS
Table 3.1 summarize the results  of oneway analysis of variance 
(ANOVA) on glycogen reserves fo r  the en tire  year. The results 
described in th is  section are based on the regular monthly samples 
taken from November 1985 to October 1986. Figure 3.3 A-C shows the 
annual changes in l iv e r ,  gonad and carcass glycogen reserves 
respective ly. The mean values and 95% confidence in te rva ls  of the 
means have been p lotted against the months o f the year. The months 
have been arranged on the X-axis to depict the complete l i f e  cycle of 
male sticklebacks from th is  population.
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FIGURE 3.3 ANNUAL CHANGES IN GLYCOGEN RESERVES
A) Mean and 95% confidence in te rva ls  o f 
'  l iv e r  glycogen
B) Mean and 95% confidence in te rva ls  o f 
gonad glycogen
C) Mean and 95% confidence in te rva ls  o f 
carcass glycogen
(The months are arranged on the X-axis to  depict 
the complete l i f e  cycle o f the male three-spined 
stickleback from the River Kelvin)
Y = Young of the year (males)
A = Non-breeder adult males
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3.7.1 Annual va r ia t ion  in 1iver qlvcoaen reserves
Figure 3.3 A shows that young of the year had low l iv e r  glycogen 
reserves in August. There was a sharp increase in glycogen reserves by 
October but th is  leve lled o f f  during the winter months of November, 
December and January. There was another sharp r ise  in the l iv e r  
glycogen level from February to April followed by a dramatic f a l l  from 
the month o f May. This coincided with the s ta r t  of the breeding season 
as males with breeding colours were found fo r  the f i r s t  time in the 
sample collected during May. By July the l iv e r  glycogen reserves were 
v i r t u a l ly  depleted as a resu lt of reproductive a c t iv i ty .
The adults caught from August onwards showed no signs of having 
bred as they were small and did not have any breeding colouration at 
a l l .  These adult males were probably those that hatched la te r  in the 
previous year, which fa i le d  to reproduce in th e ir  f i r s t  summer 
(Ukegbu, 1986). These f ish  had re la t iv e ly  high glycogen reserves 
compared to the young of the year and adults that had bred. Their 
glycogen levels dropped dramatically between September and December, 
a f te r  which no fu r the r f ish  of th is  age class was caught.
3.7.2 Annual vari ation in oonad qlvcoqen reserves
F ig .3.3 B shows that the overall pattern o f the annual 
var ia tion  in gonad glycogen was s im ila r to that of l iv e r  glycogen, 
apart from the fac t that the gonad glycogen levels were consistently 
much lower than the l iv e r  glycogen levels. Until November the gonad
65
glycogen levels in young of the year were consistently low. A steep 
and sustained increase started in December and continued up to May; 
gonad glycogen levels then dropped dramatically between May and July. 
In Ju ly , the newly hatched males had lower gonad glycogen levels than 
the breeding males. Adult f ish  caught between August and October had 
s l ig h t ly  higher gonad glycogen levels than the young of the year but 
the levels dropped d ra s t ic a l ly  in November and December.
3.7.3 Annual varia tion  in carcass qlvcoaen reserves
Fig 3.3 C shows that between August and November the carcass 
glycogen reserves in the young of the year were at a uniformly low 
leve l.  From December to April there was a sharp increase in glycogen 
reserves. Once again, from the s ta r t  of the breeding season a dramatic 
decrease in glycogen level occurred. In July the young of the year had 
s l ig h t ly  higher carcass glycogen levels than the breeding male f ish .  
From August to October the adult male f ish  which had not bred had 
higher carcass glycogen reserves than young of the year but the 
position was reversed from November, as the glycogen reserves of the 
adult f ish  became to ta l ly  depleted and the glycogen level f e l l  to 
p ra c t ic a l ly  zero.
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TABLE 3.2 Correlation coe ff ic ien ts  and levels o f
significance between glycogen reserves in the l iv e r ,  
gonad and carcass.
A -  during the non-breeding season of August to  May 
B -  during the breeding season -  month o f June 
C -  during the breeding season -  month o f July 
Abbreviations:
R = Product-moment corre la t ion  c o e f f ic ie n t  
P = Levels of s ignif icance 
***  = P <0.001 
** = P <0.01 
* = P <0.05 
+ = P <0.1
NS = Non-significant 
N = Number of samples
Table 3.
N = 241
Table 3.
N = 22
Table 3.
N = 18
A
GLYCOGEN
LIVER GONAD CARCASS
: R = 0.811
• p _
: P = 0.797
. p _ ■*** :LIVER
R = 0.863 GONAD
p _
CARCASS
B GLYCOGEN
LIVER GONAD CARCASS
R =-0.301 
P = NS
P =-0.266 
P = NS
LIVER
R =-0.146 GONAD
P = NS
CARCASS
C GLYCOGEN
LIVER GONAD CARCASS
R = 0.383 
P = +
P = 0.397
P = +
LIVER
R = 0.511 GONAD
P = *
CARCASS
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3.7.4 The re la tionsh ip  between glycogen reserves in 1ive r. gonad 
and carcass
Just p r io r  to the breeding season, when glycogen reserves were at 
th e i r  peak, l i v e r ,  gonad and carcass glycogen stores constituted 
48.4%, 1.5% and 50.1% respective ly o f the to ta l glycogen reserves.
Table 3.3 A to C gives the Product-moment corre lations between 
glycogen reserves in the d if fe re n t  body compartments (v iz . l iv e r ,  
gonad and carcass) during the non-breeding season (August to May) and 
in June and July - the two months of the breeding season. There were 
pos it ive  re la tionships (h ighly s ig n if ica n t)  between glycogen reserves 
in the l iv e r ,  gonad and carcass during the non-breeding season of 
August to  May. The re la tionships were negative (non-s ign if icant) in 
June, but in July the re la tionships were pos it ive  (marginally 
s ig n i f ic a n t ) .
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3.7.5 The re la tionsh ip  between body weight and qlvcoaen reserves
3.7.5.1 Body weight and 1ive r glycogen reserves
Figure 3.4 shows the scatter plots of l iv e r  glycogen against 
body wet weight fo r  each month over a period of one year. In the young 
of the year there was a s ig n if ic a n t and strong re la tionsh ip  between 
body weight and l iv e r  glycogen reserves from August up u n t i l  May when 
th is  cohort started breeding. This indicates that growth was not at 
the expense of l i v e r  energy reserves. In June and July th is  re la tion  
was reversed and replaced by a non-s ign if icant negative re la tionsh ip . 
This change in the re la tionsh ip  between body weight and l iv e r  glycogen 
was due to depletion of l i v e r  glycogen reserves in the large f is h ,  
presumably as a resu lt of breeding.
The adult f ish  caught during August were the ones which had 
fa i le d  to spawn, as post-breeding male f ish  died and August was the 
end of the breeding season. The re la tionsh ip  between body weight and 
l iv e r  glycogen in these adult f ish  remained positive  from August to 
October, th is  supports the above suggestion that the reversal of the 
re la tionsh ip  in 0+ age category is the resu lt of breeding. However, 
by November and December there was no re la tionsh ip  betwen body weight 
and l iv e r  glycogen reserves. This is because a l l  adult f ish  regardless 
of size had very low glycogen levels in th e ir  second w inter.
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FIGURE 3.4 Scatter plots of l i v e r  glycogen against body 
weight fo r  each month over a period o f one year. 
Glycogen values are given in mol g-  ^ d.w and 
body weight in gms.
A = non-breeding adult males 
Y = young of the year 
A' = breeding adult males
LI
VE
R 
G
LY
C
O
G
EN
 
LI
VE
R 
G
LY
C
O
G
EN
 
LI
VE
R 
G
LY
C
O
G
E
N
AUGUST
700 i
R = 0.752 
P < 0.001
525 "
350 -
175 " R = 0.927 
P < 0.05
0 . 0 0 .4 0 . 8 1 . 2 1 . 6 2 . 0
BODY W EIGHT  
SEPTEMBER
700 -| R = 0.980 
P <0.001
525 "
350 -
R = 0.757 
P < 0.01175 -
0 . 0 0 .4 0 . 8 1 . 2 1 . 6 2 . 0
BODY W EIGHT  
OCTOBER
700 n R = 0.888 
P < 0.001
525 "
350 -
R = 0.709 
P < 0.01175 -
1 . 6 2.01 . 20 . 80.40
B O D Y  WEIGHT
LI
VE
R 
G
LY
C
O
G
EN
 
LI
VE
R 
G
LY
C
O
G
EN
 
LI
VE
R 
G
LY
C
O
G
E
N
NOVEMBER
700 n
R = 0.847 
P < 0.01
525 -
350 "
175 - R = -0.161 
P = NS
0 . 0 0 .4 0 . 8 1 . 61 . 2 2 . 0
BODY W EIGHT  
DECEMBER
700 i R = 0.740 
P < 0.01
525 -
350 -
R = 0.384 
P = NS
175 -
□ □ □
1 . 60 . 8 2 . 00 . 0 0 .4 1 . 2
BODY W EIGHT
JANUARY
700 i R = 0.956 
P < 0.001
525 -
350 -
175 "
2 . 01 . 61 . 20 . 84
B O D Y  WEIGHT 71
FEBRUARY
700 n
R = 0.946 
P < 0.001
Z
ULi
(3
O
O
>-
525 "
350-
CD 
DC
W 175 -
0 . 0 0 .4 0 . 8 1 .2 1 .6 2 . 0
BODY W EIGHT  
MARCH
700 i
R = 0.897 
P < 0.001
Z
LU
(3 
O  
O 
>  _ i
525 "
350 -
O
DC
LU 175 - >
1 .60 .8 2 .00 .0 0 .4 1 .2
BODY W EIGHT
APRIL
700 i R = 0.745
P < 0.001
525 - ng a
>- 350-
175 -
1 .6 2.01 .20 . 80.40.0
BODY WEIGHT
72
LI
VE
R 
G
LY
C
O
G
EN
 
LI
VE
R 
G
LY
C
O
G
EN
 
LI
VE
R 
G
LY
C
O
G
E
N
MAY
700 i R = 0.542 
P <0.01
525 -
350 "
175 -
0 . 0 0 .4 0 . 8 1 . 61 . 2 2 . 0
BODY W EIGHT  
JUNE
700 i R = -0.221 
P = NS
525 -
350 ~
175 -
0 . 0 0 . 80 .4 1 . 2 1 . 6 2 . 0
BODY W EIGHT
JULY
700 -i R = -0.662
P = NS
525 "
350 -
175 "
1 . 6 2.01 . 20 . 80.40.0
BODY WEIGHT
3.7 .5.2  Body weight and gonad glycogen reserves
Figure 3.5 show the scatte r plo ts o f gonad glycogen against body 
weight fo r  each month over a period of one year. In the young o f the 
year during August, September and October there was a pos it ive  but a 
non-s ign if ican t re la tionsh ip  between gonad glycogen and body weight, 
but from November through to April th e ir  re la tionsh ip  was strongly 
pos it ive  and highly s ig n if ic a n t .  Between May and July the re la tionsh ip  
reversed to  a non-s ign if ican t negative one. In the adult non-breeding 
f ish  caught during August, there was a negative re la tionsh ip  between 
body weight and gonad glycogen which suggests tha t some gonadal 
maturation had taken place and gonad glycogen reserves were depleted 
in the la rger of them. However, th is  re la tionship  became pos it ive  in 
September. The re la tionsh ip  between body weight and gonad glycogen in 
adult f is h  was not s ig n if ic a n t from October to December when gonad 
glycogen levels dropped to uniformly low levels in f ish  of a l l  sizes.
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FIGURE 3.5 Scatter p lots of gonad glycogen against body 
weight fo r  each month over a period o f one year. 
Glycogen values are given in ju mol d.w and 
body weight in gms.
A = non-breeding adult males 
Y = young of the year 
A' = breeding adult males
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3.7.5.3 Body weight and carcass glycogen reserves
Figure 3.6 show the scatter p lots of carcass glycogen against 
body weight fo r  each month over a period of one year. From August 
through to  April there was a strong and s ig n if ica n t pos it ive  
re la t ionsh ip  between carcass glycogen and body weight. The 
re la tionsh ip  was weaker in May but s t i l l  s ig n if ica n t and pos it ive . By 
June there was no s ig n if ic a n t re la tionship between body weight and 
carcass glycogen reserves. By July, when a l l  the adult sexually mature 
male f is h  were breeding the re la tionship between body weight and 
carcass glycogen became negative.
The adult f ish  caught in August had fa i le d  to breed and the 
re la tionsh ip  between th e ir  carcass glycogen and body weight was 
s ig n if ic a n t  and po s it ive . Again, th is  supports the suggestion that the 
reversal o f th is  re la tionsh ip  discussed in the previous paragraph, was 
the re su lt  of breeding-induced depletion in large f is h .  This 
re la tionsh ip  remained the same during September and October but 
disappeared during November and December when carcass glycogen levels 
dropped to almost undetectable levels.
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FIGURE 3.6 Scatter plots of carcass glycogen against body 
weight fo r  each month over a period o f one year. 
Glycogen values are given in ji mol g“ * d.w 
and body weight in gms.
A = non-breeding adult males 
Y = young of the year 
A'= breeding adult males
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3.8 DISCUSSION
The level of energy reserves in the individual f ish  can be 
regarded as an ind ica tion o f i t s  physiological condition and
n u tr i t io n a l state (Love, 1970). The results indicate that the glycogen 
reserves in a l l  the body compartments of the male stickleback change 
with the seasons. The general pattern of these changes is s im ila r in 
the l iv e r ,  gonad and carcass.
Young of the year s ta r t  with low glycogen levels in August 
followed by a sharp increase in glycogen reserves by the end of 
autumn, which level o f f  during the winter months of November to
January. The glycogen stores of the young f ish  are f a i r ly  stable
throughout th e ir  f i r s t  w inter though there is a s l ig h t  decrease in 
November. In Autumn, the supply o f food to the young of the year
presumably exceeds the rate of u t i l iz a t io n  and the surplus energy is 
stored as glycogen reserves. This results in a sharp increase in 
glycogen stores of the young of the year by the end of Autumn. On the 
other hand, during winter months intake of food may become equal to or 
less than maintenance requirements of the young f ish  ( fo r deta il see 
chapter 1). Since the glycogen reserves of the young of the year are 
f a i r l y  stable throughout the w inter, presumably food was available to 
meet maintenance requirements of th e ir  small bodies. During spring 
(February to A p r i l)  ju s t  before the breeding season there is another 
sharp r ise  in the glycogen reserves. This may be due to the abundant 
food supply available in spring and/or the increase in appetite with 
increased temperature. This is  followed by a steep fa l l  from May and
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by July the glycogen reserves are v i r tu a l ly  depleted. Field 
observations reveal that many males die o f f  at the end of the breeding 
season. Depletion of glycogen stores (following reproductive a c t iv i ty )  
in conjunction with increased body demands as a resu lt of higher basal 
metabolism during the breeding season, may be the cause of th e ir  
m o r ta l i ty .
The l i f e  span of the Scottish populations of male sticklebacks is 
ju s t  over a year (see chapter 1). Most of the male sticklebacks which 
spawn die o f f  and the males which f a i l  to breed during the summer 
survive only up to th e ir  second winter. The adults sampled from August 
onwards are non-breeders. They have re la t iv e ly  high glycogen reserves 
in August compared to the newly hatched f ish .  The glycogen stores of 
these adult f ish  show a s l ig h t  increase in la te summer and then drop 
to d ra s t ic a l ly  low levels between September to December. These f ish  
did not survive beyond th e ir  second winter. The re la t iv e ly  large 
bodies of the adult non-breeder males compared to the small bodies of 
the young of the year may be energetically more expensive to 
maintain. During the winter months, the mean level of food 
a v a i la b i l i t y  is  presumably below maintenance requirements of the adult 
f is h .  As such, they mobilize the glycogen reserves of the body as fuel 
fo r  su rv iva l.  Severe depletion of energy stores coupled with 
in s u f f ic ie n t  food supply during the harsh winter months may be the 
reason fo r  the m orta lity  of adult non-breeder male sticklebacks.
Generally, u n t i l  the s ta r t  of the breeding season (v iz . May,) 
the larger f ish  have higher glycogen reserves. This may be because
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the larger f ish  are more e f f ic ie n t  at competing fo r  food and make wise 
foraging decisions or because larger f ish  are older (which were 
hatched e a r l ie r  in the previous breeding season) and had the richest 
feeding period fo r  th e i r  early growth (Ibrahim, 1988). From the 
begining of the breeding season th is  re lationship gradually reverses, 
so that the larger f ish  have lower glycogen reserves. This may be 
because the larger f ish  are very active during the breeding season and 
th e ir  large bodies may be energetically more expensive to maintain 
hence the glycogen reserves are depleted.
The glycogen reserves accumulated during spring are mobilized 
during the summer, perhaps fo r  reproductive a c t iv i t ie s .  Liver 
glycogen decreases by 98 percent between April and July in the male 
stickleback. As the body musculature of the stickleback lacks red 
muscle f ib re ,  and consists only white muscle (see chapter 1), glycogen 
is the ch ie f fuel fo r  muscle contraction (Love, 1970). The carcass 
glycogen stores are depleted by 67 percent from April to July, whereas 
the depletion of glycogen stores from the gonad is 40 percent fo r  the 
same period. Thus a s ig n if ica n t decrease in glycogen level occurs 
during the breeding season.
In sticklebacks from the River Kelvin, spermatogenesis begin in 
la te summer and continues through the autumn. Spermatocytes are common 
in the period between July to December when the young of the year are 
recruited in to  the population but are at lower levels fo r  the rest of 
the year. Spermatids are most abundant between January to June as the 
males reach maturity and came in to  breeding condition. In th is  period
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a steep and a sustained increase in gonad glycogen reserve is 
registered. Spermatozoa were abundant between April and August 
(Ukegbu, 1986). Thus the period of rapid decrease in gonad glycogen 
level corresponds to the period when spermatozoa were most abundant.
The maximum glycogen stores in a Latvian population o f male and 
female stickleback were found from August to December when the post­
spawned f is h  were regaining th e i r  energy reserves and the minimum was 
found during the spawning period of May to July (Immers, 1953). I t  
appears tha t the Latvian populations of stickleback have a longer l i f e  
span as there is a period of regeneration a fte r  the breeding season. 
The to ta l glycogen reserves of the Latvian populations of stickleback 
were estimated by using the l iv e r ,  gonad and skin (which was removed 
from the body proper) but the carcass was not used fo r  the glycogen 
assays ( fo r  d e ta i ls  see chapter 1). Immers found that the princ ipal 
glycogen stores were in the l iv e r  in the male stickleback (42.5 to 89% 
of the to ta l  glycogen). The glycogen stores of the testes never
exceeded 35% of the to ta l glycogen, whereas in the female stickleback
repines
the largest glycogen reserves were found in the ovaries^about 20 to 
73% of the to ta l  glycogen .
The resu lts  o f the present study d i f fe r  from those of Immers 
(1953) in the fo l lowing respects:
(1) The maximum glycogen reserves were found p r io r  to the breeding 
season (March to May) in the River Kelvin population of male 
sticklebacks but in the Latvian population of sticklebacks, the 
maximum glycogen stores were found in the regenerating post-spawned
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adult f is h  (August to December). The present study population of 
three-spined sticklebacks from the River Kelvin, has a maximum l i f e  
span of one year, whereas the Latvian three-spined sticklebacks were 
not annual.
( i i )  Immers found that the major glycogen stores were in the l iv e r  in 
the male stickleback, which constituted 42 to 89% of the to ta l 
glycogen but he had not used the carcass fo r  the glycogen assays. In 
the River Kelvin population o f sticklebacks (p r io r  to the breeding 
season when glycogen reserves were at th e ir  peak) the l iv e r  
constituted 48% of the to ta l glycogen reserves, whereas the carcass 
had 50% of the to ta l glycogen reserves.
( i i i )  Immers found that the glycogen stores of the testes sometimes 
reached 35% of the to ta l glycogen, whereas in the present study the 
maximum glycogen store in the testes was 2 to 3% of the to ta l 
glycogen reserves. The higher percentage of glycogen stores in the 
testes calculated by Immers re f lec ts  the exclusion of the carcass from 
glycogen assays. However, in both studies, the minimum glycogen stores 
were found during the breeding season.
The study of Wootton et a1.,(1978) (see chapter 1) confirms that 
the breeding season was a period of severe depletion of glycogen 
reserves from the l iv e r  and carcass in the female stickleback whereas 
the ovaries were not affected. The present study shows tha t in the 
male stickleback minimum depletion o f glycogen reserves occurred in 
the testes compared to the l i v e r  and carcass during the w inter and the
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breeding season. This compares f a i r l y  well with the above c ited work. 
3.9 CONCLUSIONS
The work described in th is  chapter gives information on the 
annual changes in glycogen reserves o f the d if fe re n t body compartments 
in male three-spined sticklebacks. Glycogen reserves accumulated p r io r  
to the breeding season were mobilized during the breeding season. Male 
sticklebacks have d ra s t ic a l ly  reduced energy reserves as a resu lt of 
breeding a c t iv i t ie s .  Mass m orta l i ty  of spawned males occurred soon 
after the breeding season. Glycogen stores in the l iv e r ,  gonad and 
carcass were p o s it ive ly  correlated outside the breeding season but 
became e ith e r negatively correlated (in June) or weakly po s it ive ly  
correlated ( in  July) due to depletion of glycogen reserves. Positive 
correlations between body weights and glycogen reserves during the 
non-breeding season were reversed to negative corre lations with the 
onset of the breeding season. This change in the re la tionship between 
body weight and glycogen reserves was due to depletion of glycogen 
stores in the large f is h ,  presumably as a resu lt o f breeding 
a c t iv i t ie s .
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CHAPTER 4
SEASONAL VARIATION IN LIPID RESERVES
CHAPTER 4. SEASONAL VARIATION IN LIPID RESERVES
4.1 INTRODUCTION
In mammals, the two major energy reserves are glycogen and 
l ip id s .  The re la t iv e  importance of these two biochemical components as 
sources o f energy at any instant depends upon the in teraction of many 
complex n u t r i t io n a l ,  metabolic and hormonal factors. In terms of the 
to ta l energy reserves of the body, l ip id  is of greater quantita tive 
importance than glycogen. In mammals, on a weight fo r  weight basis, 
tr ig lyce r ides  are able to supply by oxidation about two and a ha lf  
times more ATP than carbohydrates (Bartley et a].., 1968). For example, 
the average amount o f  energy made a v i la b le  by o x id a t io n  o f 
carbohydrate is 17.57 KJ per gm and in the case of protein i t  is 23.43 
KJ per gm, whereas l ip id s  supply 38.91 KJ per gm.
Lipids can be e ithe r simple or complex. Chemically, the simple 
l ip ids  are esters of fa t ty  acids with alcohols; fo r  example fats and 
o i ls  are esters of fa t ty  acids and glycerol whereas waxes are 
esters o f fa t ty  acids with long chain a l iph a t ic  alcohols or cyc lic  
alcohols. The complex l ip id s  include the phospholipids, g lyco lip ids , 
sulpholipids and lipopro te ins . The simple l ip id s ,  such as fats and 
o i ls  represent the ch ie f form in which excess nutrients are stored in 
the animal body. Of these the neutral fa ts  v iz .  t r ig ly ce r id e s , are 
important because as much as 90% of the l ip id  stores in the adipose 
t issue  o f  the mammalian body is  neu tra l f a t  and represents a 
concentrated form o f energy stored u n t i l  requ ired fo r  metabolic 
purposes. Since the ca lo r ic  value of fa t  is more than twice that of an
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equivalent weight o f carbohydrate or protein (see above) fa t  is  a more 
efficjpnt energy reserve. In addition to i t s  function as stored energy 
source, fa t  serves as an insu la to r and provides physical support to 
internal organs. The fac t tha t the swimbladder volume varies inversely 
with the l ip id  stores as in the A t lan t ic  herring (Clupea harenous) 
suggests tha t l ip id s  also play a ro le in the buoyancy mechanism in 
fish (Brawn, 1969 a). Phospholipids, g lyco lip ids , sulpholipids and 
lipoproteins are present in the body p r im arily  as essential s tructura l
elements of ce l l  walls and other structures, rather than as stored
cx
energy. The complex l ip id s  are re la t iv e ly  unayjlable as an energy 
source. For example, in mammals which had died o f starvation there is 
l i t t l e  decrease in the l ip id  content of the s tructura l elements o f the 
cells (Oser, 1965).
Fish l ip id s  are ch a ra c te r is t ic a l ly  rich in polyunsaturated fa t ty  
acids (Sargent, 1976a). These polyunsaturated fa t ty  acids with f iv e  or 
six double bonds or ig ina te  from the planktonic organisms which form 
part of the food chain of fishes. For example, when the tr ig lyce r ide s  
and wax esters of the copepods are compared with the l ip id  composition 
of Capelin (Mai 1otus v i 11osus) , mackerel ( Scomber scombrus) and 
A tlan tic  herring (Clupea harenqus) they are found to be very s im ila r  
(Ackman, 1980 as reviewed by Gunstone et al_- 1986). The a b i l i t y  of 
fish mitochondria to oxidise both very long chain monoethylenic fa t ty  
acids and polyunsaturated fa t ty  acids indicate that f ish  mitochondria 
are well adapted to u t i l i s e  the spectrum of fa t ty  acids present in 
natural f ish  food (Osmundsen and Bremer, 1978 as reviewed by Henderson 
and Sargent, 1985).
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The concentration o f l ip id s  vary enormously in d if fe re n t parts o f 
the body o f f ish  (Love, 1970). In fa t ty  f is h ,  there is usually a high 
concentration immediately under the skin. In fas t swimming f ish  l ik e  
the tunnies (Thunnus sp) and marlins (Makaira sp) o i ly  tissues are 
sandwiched between the surface layers of connective tissue. The be lly  
wall of fa t ty  f ish  l ik e  the Coho salmon (Oncorhvnchus kisutch) shows 
the h ighest concen tra t io n  o f l i p i d s .  The rainbow t ro u t  ( Salmo 
oairdneri ) possesses d e f in i te  periv iscera l adipose tissue which is 
composed of fa t  ce l ls  or adipocytes. There is  an inverse re la tionship 
between the l ip id  and water contents in the muscle tissue of fa t ty  
fish such as the A t la n t ic  herring (Clupea harenous) . In non-fatty f ish  
such as A t la n t ic  cod (Gadus morhua) . where the muscle l i p i d  
concentration is only about 0.5%, the l iv e r  is used to store large 
quantities o f l ip id  (15-65% l iv e r  weight) which is la te r  u t i l iz e d  
during gonad maturation and spawning (Jangaard e t . a l . ,  1967). In 
herrings (Clupea sp) and sturgeons (AciDenser s tu r io ) the bulk of fa t  
is concentrated in the muscle, while in perch (Perea flavescens) fa t  
is concentrated in the body cav ity .
The fa t  content in the body of the f ish  changes depending on the 
time of the year, environmental conditions, stage of maturity o f the 
gonads, state of n u t r i t io n  and age. The s e le c t iv i ty  of the f ish  in 
u t i l iz in g  i t s  l i p id  stores is  in te res ting , although information is 
scanty. A t la n t ic  herring p re fe re n t ia l ly  use the highly saturated 
lip ids  when stores are being u t i l iz e d  (Lovern, 1938). In the muscle of 
the Rainbow t r o u t  (Salmo gai rd ne r i ) the p ropo rt ion  o f  h ig h ly
a
unsaturated f a t t y  acids increasesr during s ta rv a t io n ,  presumably
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indicating u t i l i z a t io n  o f the saturated acids (Kaneko et al_-» 1967 as 
reviewed by Love, 1970).
L ip id is  not the major energy store in a l l  f is h .  For example in 
Northern pike (Esox luc ius ) endogenous l ip id  is  not considered as an 
important source of energy because of i t s  low concentration in the 
muscle, instead endogenous protein is considered important as an 
energy substrate in the metabolism. However, i f  percentage composition 
data on muscle of th is  species is considered, the trend is fo r  l ip id  
to be u t i l iz e d  p re fe re n t ia l ly  during the spawning season. In males and 
females of Northern pike the decrease in muscle protein concentration 
was 5.7% compared with a decrease of 16.7% fo r  muscle l ip id  (Medford 
and Mackay, 1978).
4.2 LIPID METABOLISM
Fats and o i ls  arise from ingested l ip id  and from the metabolism 
of carbohydrates and proteins. The l iv e r  is the organ in which most 
l ip id  metabolism occurs.
The t r ig ly c e r id e s  o f the adipose t is s u e  are con tinuous ly  
hydrolysed by the adrenaline-sensitive lipase to y ie ld  fa t ty  acids and 
g lycero l. I f  there is  an adequate supply o f glucose, th is  hydrolysis 
can be matched by re-synthesis because glucose supplies the L-alpha -  
glycerophosphate needed fo r  t r ig ly c e r id e  formation.
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In the l i v e r  long chain fa t ty  acids can be metabolised via three 
main pathways
i)  Oxidation to C02, H20 and energy.
On hydrolysis, neutral fa ts  y ie ld  glycerol and fa t ty  acids. Glycerol 
can be metabolised v ia  conversion to  g lyce ro l phosphate and 
dihydroxyacetone phosphate, which enters the g lyco ly t ic  pathway and 
may e ith e r be converted to glycogen or oxidized to carbon dioxide 
water and energy (see chapter 3).
i i )  Synthesis of t r ig ly c e r id e .
By reverse process, the glycerol portion of l ip id  molecules may be 
formed from carbohydrate.
i i i )  Conversion to Acetyl coenzyme ( COA).
The major pathway whereby fa t ty  acids are oxidized is by the process 
known as Beta- oxidation. By th is  process the fa t ty  acid chain is 
ox id ized a t the carbon atom J3 to  the carboxyl group and is  
subsequently s p l i t  in to  acetyl coenzyme A which mixes with the acetyl 
coenzyme A pool derived from glycogen and aminoacid metabolism.
These pathways are depicted in Figure 4.1 which indicates the 
in te rre la t ionsh ip  between the metabolism of glycogen, l ip id s  and 
proteins, and shows the important ro le of acetyl COA as a metabolic 
intermediate (Oser, 1965).
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4.3 METHODS OF LIPID DETERMINATION
Lipids are characterized by in s o lu b i l i ty  in water and s o lu b i l i t y  
in organic fa t  solvents such as acetone, chloroform, ether, benzene 
and b o i l in g  alcohol. Many investigators were discouraged from the 
study o f l ip id s  because of th e ir  physical properties (lack of water 
s o lu b i l i ty  and c rys ta l iza t io n  d i f f ic u l t ie s )  are unfavourable fo r  
ro u t ine  methods o f an a lys is  and p u r i f i c a t io n .  As a consequence, 
research in carbohydrate and protein chemistry advanced at a greater 
rate than studies with l ip id s .  In recent years, however, there has 
been a reawakening of in te res t in l ip id  biochemistry.
4.3.1 Quantita tive determination of f ish  1ipids
E x tra c t io n  techniques using organic so lvents  fo r  a minimum 
period of 24 hours, can be used fo r  quantita tive determination of 
l i p id s .  A simple method fo r  the e x t ra j io n  o f  to ta l  l i p id s  is  by 
homogenizing the tissue with a 2:1 (by volume) chloroform -  methanol 
m ixture (Fo lch , Lees and S tan ley, 1957). L ip id  values have been 
obtained by many workers adapting th is  basic technique (Lambert and 
Dehnel, 1974; Medford and Mackay, 1978; Wootton et al_., 1978; G i l l  and 
Weatherley, 1984). Lipids can also be determined by hexane extraction 
on whole f ish  (Gardiner and Geddes, 1980; Deegan, 1986).
4.3.2 Q ua lita tive  determination of 1ipids
Lip id composition may vary not only between species but also 
between male and female, juven ile  and adult of the same species. The
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po la r ity  o f l ip id  classes range from non-polar (eg. hydrocarbons) to 
highly polar (eg. fa t ty  acids). E f f ic ie n t separation can be achieved 
by matching solvent p o la r i ty  to that of the l ip id  classes. A simple 
way to  a n a lyse  l i p i d s  q u a l i t a t i v e l y  is  to  use t h in  la y e r  
chromatography (TLC). In th is  technique (Stahl, 1965) a l ip id  solution 
is applied to a uniformly th ick  layer of adsorbent such as s i l i c a  gel 
spread on a glass p la te. An organic solvent system is then used to 
develop the TLC plate which separates the l ip id  in to i t s  classes of 
compounds. These classes form spots on the plate and can be located by 
iodine vapour, which turns the spots brown.
4.4. SEASONAL VARIATION IN LIPID RESERVES IN STICKLEBACK
As discussed in the in troduction, the l ip id  reserves vary during 
the d i f fe re n t  periods o f the l i f e  cycle of many animals. Quantitative 
l ip id  estimations had been carried out on female stickleback from two 
Welsh populations (Wootton et a l . ,  1978). As mentioned in chapter 3, 
though the sample was collected on a monthly basis, the material was 
pooled to estimate the seasonal values fo r  l ip id  reserves. I t  has been 
found that the carcass of the female stickleback had minimum l ip id  
stores during the w inter and the breeding season. The l ip id  store of
cdt
the l iv e r  was alsoAa minimum in the breeding season, but that o f the 
ovaries was re la t iv e ly  constant ( fo r  values see Table 1.2).
So f a r  no system atic  sampling had been c a rr ie d  out on male 
s t ic k le b a ck  to  in v e s t ig a te  t h e i r  l i p i d  reserves. This is  o f  
considerable in te res t as t e r r i t o r ia l  defense, courtship and parental 
care in male stickleback demand expenditure of energy; hence good body
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condition o f the male is  important fo r  successful breeding. One o f the 
aims o f th is  study is  to  examine the seasonal varia tion in l ip id  
reserves in males o f a Scottish population o f three-spined stickleback 
using samples collected systematically on a monthly basis over one 
complete year.
4.5 MATERIAL AND METHODS
Male sticklebacks were collected and processed as described in
chapter 2. Dr R.Y.Thompson of the Biochemistry Department of Glasgow
a.
University, gave valuable advice and partic ipated in useful discussions 
throughout th is  p ro jec t. Dr K.H.Lockey of the Department of Zoology, 
University o f Glasgow, gave technical advice and useful suggestions 
for analysis o f the l ip id  composition o f the male stickleback.
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4.5.1 Lipid extraction
The method used to extract the l ip id  from male stickleback was 
based on the chloroform-methanol mixture technique (Folch, Lees and 
Stanley, 1957). The procedure is depicted below in the form of a flow 
chart.
Fish k i l le d  in l iq u id  nitrogen at -196 0 C and transferred to a
deep freezer o f -70 0 C
w
.
Wet weight and standard length recorded and f ish  dissected on 
melting ice. Wet weights o f body components recorded and kept 
at -30 0 C fo r  one hour. Fish components dehydrated by freeze- 
drying fo r  24 hours in Edwards EF03 freeze-drie r.
I
Dry weight of tissues recorded
I . . .The dried tissue was ground in to  powder and dried again in a
therm ostat at 60 0 C fo r  14 hours and the f in a l  dry
weight recorded
u
Known weight o f  powdered dry t is s u e  was introduced in to  
transparent seamless d ia lys is  tubes and the margins sealed.
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The d ia lys is  tubes were s e r ia l ly  numbered and introduced in to 
the e x t ra c to r  o f  the Soxhlet e x tra c t io n  apparatus. The 
conical f lask  o f the Soxhlet apparatus was f i l l e d  to two th irds  
with 2:1 chloroform-methanol mixture (v /v ) . The en tire  assembly 
was housed in a fume cupboard. I
The ch lo ro fo rm  -  methanol m ix ture was ge n t ly  heated by the 
e le c t r ic  heater fo r  32 hours. I
The d ia lys is  tubes with powdered tissue were dried at 60 0 C 
fo r  4 hours in a thermostat and the f in a l  weights o f the 
tissues were recorded.
4.5.2 Fractionation o f 1ip ids
In order to obtain a prelim inary id e n t i f ic a t io n  of the d if fe re n t 
classes o f l ip id s  in the male three-spined sticklebacks, the l ip id  
extracted in  ch lo ro fo rm  and methanol (from 20 mature whole male 
sticklebacks p r io r  to the breeding season) was fractionated as follows 
(Stahl, 1965):
100 ml of the l ip id  extract in chloroform and methanol was 
f i l t e r e d  using anhydrous sodium sulphate powder to  remove 
traces o f water.
L ip id  e x t ra c t  evaporated and concentrated in a ro ta ry  f i lm
_  -  * -  j
101
The concentrated l ip id  extract transferred to tubes of known 
weight, wrapped with an aluminium f o i l  and le f t  overnight
L ip id  extract subjected to steady stream of nitrogen gas and 
hot a i r  fo r  20 minutes to evoporate the chloroform
Lip id  weighed and dissolved in a known volume of chloroform
Lip id  solu tion drawn-out using ca p i l la ry  tube applicators and 
l ig h t ly  applied on the s i l i c a  gel surface of the TLC plate
\
Standard s o lu t io n  con ta in in g  a l ip h a t ic  hydrocarbon, es te r  
fa t ty  acid, alcohol and tr ig ly c e r id e  was applied to the TLC 
p la te to id e n t i fy  sample spots
The TLC plate le f t  upright in one inch of petroleum s p i r i t  
solvent in a tank ( f i r s t  e lu tion) fo r  about 30 minutes
\
The TLC p la te  removed from the s o lve n t,  hot a i r  blown to  
evaporate petroleum s p i r i t
The TLC pla te l e f t  upright in one inch o f the second solvent 
mixture o f petroleum s p i r i t  -  d ie thyl ether -  acetic acid 
70:30:1 v /v /v  (second e lu tion) in a tank fo r  about 20 minutes
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The TLC plate removed and dried with hot a i r  blower
I
The TLC p la te  exposed to  iod ine  vapour to  s ta in  the spots
brown
s ‘Spot positions marked and l ip id  classes id e n t i f ie d .
Complete id e n t i f ic a t io n  would involve the analysis of each l ip id  
class by combined gas chromatography and mass spectrometry. Gas 
chromatography could separate each l ip id  class in to i t s  constutuents 
while  mass spectrom etry could provide a mass spectrum o f each 
c o n s t i tu e n t from which id e n t i t y  can be deduced. However, in the 
present context only the d i f fe re n t  classes of the 1 ipids (extracted 
from mature whole male stickleback) were ide n t if ied  and a general 
picture o f the l ip id  composition obtained.
4.6 DAIA ANALYSIS
Mean monthly levels of l ip id  reserves were ca lcu la te d  fo r  f ish  
of each age class v iz .  the young o f the year and the non-breeding 
adult f is h .  The f ish  were assigned to th e i r  respective age class using 
weight as a c r i te r ia  fo r  d is tingu ish ing young of the year from adult 
f ish . The data were checked fo r  normal d is tr ib u t io n  and transformed 
when necessary. Product-moment c o r re la t io n  c o e f f ic ie n ts  were 
calculated between body weight and l ip id  reserves of the l iv e r ,  gonad
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and carcass. Oneway analysis o f variance (ANOVA) was used to check fo r  
a seasonal va r ia t ion  in l ip id  reserves. The re la tionship between body 
weight and l ip id  reserves was investigated by regression analysis fo r  
each month, considering the young o f the year and non-breeding adult 
fish separately.
4.7 RESULTS
Table 4.1 summarizes the results of one way analysis o f variance 
(ANOVA) on l ip id  reserves fo r  the en tire  year. Figure 4.2 A to C shows 
the annual changes in l iv e r ,  gonad and carcass l ip id  reserves. The 
mean values and 95% confidence in terva ls of the mean are plotted 
against the months o f the year. The months have been arranged on the 
X-axis to depict the complete l i f e  cycle o f male sticklebacks from 
th is  population.
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4.7.1 Annual va r ia t ion  in  1ive r l ip id  reserves
Fig 4.2 A shows that from August to  October there was a steady 
and marked increase in l i v e r  l ip id  reserves of the young of the year, 
but th is  leve lled o f f  during the winter months. The mean l ip id  level 
remained constant from October up u n t i l  March, although there was a 
slow increase from December onwards. Between March to April of th e ir  
f i r s t  spring, the mean l ip id  levels in the young of the year increased
CL
markedly. This was followed by a dramatic f a l l  during the breeding 
season. The great v a r ia b i l i t y  of the mean l ip id  level during the month 
of May probably re flected the l ip id  levels in the d if fe ren t categories 
of f ish  caught, as the sample consisted of f u l l y  mature males with and 
without breeding colouration and small immature males.
The adult male f ish  caught from August onwards were probably
non-breeders (see chapter 2 ) .  The ir mean l i p i d  leve l showed an 
increase between August to  September i . e .  cond it ions  were s t i l l  
favourable fo r  accumulation of energy reserves in f ish  that had not 
expended energy on reproductive a c t iv i t ie s .  From September to December 
there was a consistent drop in the l ip id  reserves of these f ish  and 
the mean l ip id  stores reached very low levels in December, a fte r which 
no fu rthe r f ish  o f th is  age class w^re caught.
4.7.2 Annual va r ia tion  in gonad l ip id  reserves
Fig 4.2 B shows that the mean gonad l ip id  level was generally
low even at i t s  peak. There was a gradual increase in the mean gonad
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l ip id  levels from August to March in the young of the year, with a 
s l ig h t  check in the w inter. There was a gradual drop from March to 
July, ind ica ting  tha t the l ip id  reserves were being mobilized fo r  
gonad maturation. In the non-breeding adult males, there was a s l ig h t  
increase in the mean gonad l ip id  from August to September, followed by 
a decrease to  very low levels in December.
4.7.3 Annual va r ia tion  j_n carcass 1 ip id  reserves
Fig 4.2 C shows that mean carcass l ip id  levels were intermediate 
between the l iv e r  and gonad mean l ip id  levels. There was an increase 
in the mean carcass l ip id  level from August to October which was 
checked (and even f e l l  s l ig h t ly )  during the w inter. Then there was a 
more or less consistent increase up u n t i l  June followed by a drop in 
July during the breeding season. In the non-breeding adult males 
caught from August onwards, there was an increase in the mean carcass 
l ip id  level up to September. From October to November there was a 
sharp drop in the carcass l ip id  level which reached low levels in 
December.
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4.7.4 The re la tionsh ip  between l ip id  reserves in 1iver.gonad 
and carcass
P r io r  to  the breeding season, when l i v e r  and gonad l i p i d  
reserves were at th e i r  peak they constituted 7% and 1% respectively 
whereas carcass l i p id  stores formed 92% of the to ta l l ip id  reserves. 
Table 4.2 A to C gives product-moment corre lation coe ff ic ien ts  between 
l ip id  reserves in the d i f fe re n t body compartments during the non­
breeding season and in June and Ju ly  toge ther w ith  leve ls  o f 
s ignificance. There were highly s ig n if ica n t positive  relationships 
between l ip id  reserves in l iv e r ,  gonad and carcass during the non­
breeding season (v iz .  August to May). These re lationships disappeared 
during the breeding season, due to  dep le t ion  o f l i p i d  reserves 
(p a rt icu la r ly  l i v e r  and gonad l ip id  reserves).
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TABLE 4.2 Correlation coe ff ic ien ts  and levels o f
s ign if icance between l ip id  reserves in l i v e r ,  
gonad and carcass.
A -  during the non-breeding season of August to May
B -  during the breeding season -  month o f June
C -  during the breeding season -  month o f July
Abbreviations:
R = Product-moment co rre la t ion  c o e f f ic ie n t  
P = Levels o f s ign if icance 
* **  = P <0.001 
**  = P <0.01 
* = P <0.05 
+ = P <0.1
NS = Non-significant 
N = Number o f samples
Table 4.2 A
LIPID
LIVER GONAD CARCASS
R = 0.593
p = ***
: P = 0.628
• p — LIVER
N = 241 R = 0.344
p _ ***
GONAD
CARCASS
Table 4.2 B LIPID
LIVER GONAD CARCASS
R = 0.075 
P = NS
P = 0.399 
P = +
LIVER
N = 22 R =-0.090 
P = NS
GONAD
CARCASS
Table 4.2 C LIPID
LIVER GONAD CARCASS
R = 0.228 
P = NS
P = 0.398 
P = +
LIVER
N = 18 R = 0.407
P = +
GONAD
CARCASS
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4.7.5 The re la tionsh ip  between body weight and l ip id  reserves
4.7.5.1 Body weight and 1ive r l ip id  reserves
Figure 4.3 shows the scatter plots of l iv e r  l ip id  against body 
weight fo r  each month over a period of one year. In young of the year, 
there was a weak re la tionsh ip  between body weight and l iv e r  l ip id  
reserves in August. In September and October there was a strong 
positive re la tionsh ip  which continued up u n t i l  A p r i l .  In June th is  
re lationship changed from posit ive  to a negative one as l ip id  levels
decreased in bigger f ish  as a resu lt of breeding a c t iv i t ie s .  In July, 
the re la tionsh ip  between body weight and l iv e r  l ip id  reserves
disappeared, as the l ip id  levels had become very low in f ish  of a l l
sizes.
In the non-breeding adult f ish  caught from August onwards, the 
relationship between body weight and l iv e r  l ip id  remained positive
from August to October. (This supports the above suggestion that the 
reversal of the re la tionsh ip  between body weight and energy reserves 
in the sexually mature males in June is the resu lt o f breeding). 
However, by November and December there was no re la tionship. This is 
because a l l  adult f ish  regardless of size had very low l iv e r  l ip id  
reserves in th e i r  second w inter.
I l l
FIGURE 4.3 Scatter p lo ts  o f L iver l ip id  against body wei
fo r  each month over a period o f one year. 
L ip id  values are given in mg g~* d.w and 
body weight in gms.
A = non-breeding adult males 
Y = young o f the year 
A' = breeding adult males
AUGUST
300 -t
250
200
150 -
100 -
50 -
1.6 2.00.4 0.8 1.20.0  '
BODY WEIGHT
SEPTEMBER
300 -i
250 -
200  -
150 -
100 -
50 -
2.01.61.20.80.40.0
BODY WEIGHT
OCTOBER
300 n
250 -
200 -
150 -
100 -
50 -
2.01.61.20.80.0 0.4
BODY WEIGHT
1 1 2
LIV
ER
 
LIP
ID 
LIV
ER
 
LIP
ID 
LIV
ER
 
LIP
ID
NOVEMBER
300
250 -
200 -
150 -
100 -
50 -
0.40.0 0.8 1.2 1.6 2.0
BODY WEIGHT
DECEMBER
300 ~i
250 -
200 -
150 -
100 -
50 -
2.01.2 1.60.80.0 0.4
BODY WEIGHT
JANUARY
300 -i
R = 0.93 
P< O.OOI
250 -
200 -
150 -
100 -
50 -
2.01.61.20.80.0 0.4
BODY WEIGHT
113
LIV
ER
 
LIP
ID 
LIV
ER
 
LIP
ID 
LIV
ER
 
LIP
ID
FEBRUARY
300 -i
R = 0.97 
P <o .o o |250 -
200 -
150 -
100 -
50 -
0.0 0.4 0.8 1.2 2.0
BODY WEIGHT
MARCH
300 -i
250 -
200 -
150 -
100 -
50 -
2.01.61.20.4 0.80.0
BODY WEIGHT
APRIL
300 -i
R = 0.83
250 - p<o«oo|
200 -
150 -
100 -
50 -
2.01.61.20.80.40.0
BODY WEIGHT
11 4
LIV
ER
 
LIP
ID
 
LIV
ER
 
LIP
ID
 
LI
VE
R 
LI
PI
D
MAY
300 -I
R = 0.54 
£<0.01250 -
200 - □ 0
150 -
100 -
50 -
1.6 2.00.8 1.20.40.0
BODY WEIGHT
JUNE
300 i
R =-0.44 
P < 0 -0 5
250 -
200 -
150 -
100 -
50 -
2.01.61.20.4 0.80.0
BODY WEIGHT
JULY
300 -i
250 -
200 -
150 -
100 -
50 -
2.01.61.20.40.0
BODY WEIGHT 
1 1 5
4.7.5.2 Body weight and gonad 1ipid reserves
Figure 4.4 shows the scatter plots of gonad l ip id  against body 
weight fo r  each month over a period o f one year. In the young o f the 
year there was a strong pos it ive  re lationship between body weight and 
gonad l ip id  reserves from September up u n t i l  March. In April the 
positive re la tionsh ip  was a weak one which became weaker s t i l l  in May. 
In June there was a negative re lationship between body weight and 
gonad l ip id  reserves as l ip id  levels dropped most markedly in larger 
f ish . Probably because l ip id  reserves were used up fo r  gonad 
maturation. This disappeared altogether in July as the l ip id  reserve 
levels became very low in a l l  f is h .  In the non-breeding adult f ish
caught from August onwards there was no re la tionship between body
weight and gon&d l ip id  levels up u n t i l  December, a fte r  which no
further f ish  of th is  age class wete encountered in the sample.
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FIGURE 4.4 Scatter p lo ts  o f Gonad l ip id  against body weight 
fo r  each month over a period o f one year.
L ip id values are given in mg g-  ^ d.w and 
body weight in gms.
A = non-breeding adult males 
Y = young of the year 
A' = breeding adult males
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4.7.5.3 Body weight and carcass l ip id  reserves
Figure 4.5 show the scatter plots of carcass l ip id  against body 
weight fo r  each month over a period of one year. In the young o f year, 
there was a strong pos it ive  re la tionsh ip  between body weight and 
carcass l ip id  reserves from August to October, and from January to 
A p r i l ,  but not during November and December when the carcass l ip id  
levels were low. The re la tionsh ip  was weaker in May. In June there was 
a non-s ign if ican t negative re la tionsh ip  which disappeared altogether 
in Ju ly, because regardless o f body weight the carcass l ip id  reserve 
levels were low in July.
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FIGURE 4.5 Scatter p lo ts o f Carcass l ip id  against body weight 
fo r  each month over a period o f one year.
L ip id  values are given in mg g- * d.w and 
body weight in gms.
A = non-breeding adult males 
Y = young o f the year 
A' = breeding adult males
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4.8 FRACTIONATION OF LIPIDS
Thin layer chromatography technique was used to analyse the 
l ip id  classes found in the l ip id s  extracted from mature stickleback 
before the breeding season. The d i f fe re n t  classes o f the l ip id s  
id e n t if ie d  were tr ig ly c e r id e s ,  fa t ty  acids and e s te rs  (see Plate 
4.1). ftjfccobols and hydrocarbons were absent.
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PLATE 4.1 Thin layer chromatography p la te  showing l ip id  
frac tions
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4.9 DISCUSSION
The resu lts  o f the present study indicate that the patterns of 
accumulation and depletion o f l ip id  and glycogen reserves in the 
l iv e r ,  gonad and carcass in male sticklebacksare s im ila r . In the young 
of the year, there is  an increase in the l iv e r  l ip id  reserves from 
August to  October which levels o f f  in the w inter. Presumably the 
abundant food supply available in the late summer allows energy intake 
to exceed the rate of u t i l i z a t io n  of the young f ish  so surplus energy 
is stored as l ip id  reserves. In w inter, e ithe r lack of food or low 
rates o f food consumption cause the l ip id  reserves to level o f f  in 
the young of the year. Thereafter the l iv e r  l ip id  levels are more or 
less constant up u n t i l  March . In March and April (during th e ir  f i r s t  
spring) the l iv e r  l ip id  levels of male f ish  increase markedly as food 
a v a i la b i l i ty  and/or appetite r ise .  This is followed by a steep f a l l  
during the breeding season as l ip id  reserves accumulated in spring are 
mobilized in June and July to provide energy fo r  breeding.
On the other hand, there was a gradual drop in the gonad l ip id  
reserves e a r l ie r  in the year from March to July; presumably they were 
mobilized fo r  gonad maturation, as th is  corresponds to the period when 
spermatozoa are high in levels (Ukegbu, 1986). The drop in l iv e r  and 
gonad l ip id  reserves during the breeding season indicate that l ip id  
reserves are mobilized to meet the energetic cost of reproduction. The 
general pattern o f the seasonal changes in the l ip id  reserves of 
l iv e r ,  gonad and carcass are more or less s im ila r apart from the fac t 
that the l ip id  reserves of the carcass are not to ta l ly  depleted by the
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end o f the breeding season. This is  probably due to pre ferentia l 
depletion o f l ip id  reserves in the l iv e r  and gonads. A fte r breeding, 
the male sticklebacks have severely depleted energy reserves and often 
die. In contrast, those males tha t do not breed continue to accumulate 
energy reserves over the summer.
L ip id reserves in many te leost species show marked seasonal 
changes and seasonal fa tten ing cycles are most pronounced in f ish  
inhabiting temperate regions (Vlaming et aJ*> 1978). Probably these 
seasonal fa tten ing cycles are correlated with food a v a i la b i l i t y .  The 
present study showsthat male sticklebacks from the River Kelvin have a 
s im ila r seasonal l ip id  cycle. According to Shulman (1974) l ip id s  are 
the major source of energy fo r  gamete production in f is h .  In the 
present study 95% of l i v e r  l ip id  and 30% of carcass l ip id  were 
depleted between May and July in breeding male sticklebacks. This 
supports the suggestion that l ip id s  (p a r t ic u la r ly  l i v e r  l ip id  
reserves) are the major source of energy during the breeding season. 
S im ila rly  the l i v e r  l ip id  stores in female sticklebacks (from Welsh 
populations) are at a minimum in the breeding season (Wootton et al_*> 
1978).
Throughout the non-breeding season l ip id  reserves are strongly 
pos it ive ly  correlated with body weights, ind ica ting that growth is not 
occurring at the expense o f energy reserves. S im ila r ly  the fac t that 
l iv e r  glycogen increases during the period of maximum spermatozoa 
production indicates tha t gonadal maturation does not deplete l iv e r  
energy reserves. On the other hand, the fac t tha t larger f ish  (which
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breed e a r l ie r  in the season) show more marked depletion in l i v e r  
glycogen stores than smaller ones reinforces the conclusion tha t the 
behavioural aspect o f breeding in male sticklebacks represent a major 
drain on energy reserves.
L ip id  extracts from mature male sticklebacks y ie ld  tr ig ly ce r id e s , 
fa t ty  acids and es te rs  on frac t iona tion . Though th is  is  a
preliminary re su lt ,  i t  conformswith l ip id  classes of freshwater f ish  
(Gunstone et al_., 1986). Further studies on analysis of each l ip id
class in the d i f fe re n t  body compartments (by combined gas
chromatography and mass spectrometry) at d i f fe re n t stages of l i f e
cycle o f the male sticklebacks, may explain why l iv e r  l ip id s  are
se lec tive ly  depleted over carcass l ip id  during the breeding season.
4.10 CONCLUSIONS
This chapter describes the annual changes in l ip id  reserves o f 
the d i f fe re n t  body compartments in male three-spined stickleback from 
the River Kelvin. There is  a s t r ik in g  para lle lism  in the accumulation 
and depletion of l ip id  and glycogen reserves in male sticklebacks. 
Lipid reserves in the d i f fe re n t  body compartments are po s it ive ly
correlated during the non-breeding season but become weakly po s it ive ly  
correlated due to depletion during the breeding season (June and
July). The p ic ture tha t emerges is o f accumulating energy reserves
during growth and gonad maturation, but of d rastic  depletion 
(p a r t icu la r ly  l i v e r  and gonad l ip id s )  during development of secondary 
sexual cha rac te ris t ics  and breeding a c t iv i t ie s .
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CHAPTER 5
SEASONAL VARIATION IN PROTEIN CONCENTRATION
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CHAPTER 5. SEASONAL VARIATION IN PROTEIN CONCENTRATION
5.1 INTRODUCTION
The main sources of energy in f ish  appear to be protein and 
l ip id ;  th is  is in contrast to mammals in which carbohydrate and l ip id  
are more important. This is perhaps due to the following reasons : a) 
the d ie t o f f ish  generally consists of high protein and th e ir  
metabolism is very well adapted to deal with such a d ie t;  b) unlike 
mammals, f ish  have the a b i l i t y  to elim inate nitrogenous waste rap id ly  
and continuously; over 90 percent of the nitrogen excretion is in the 
form of ammonia via the g i l l s ;  c) spec if ic  a c t iv i t ie s  of lysosomal 
enzymes (v iz . lysosomal proteinases) which are involved in protein 
breakdown, are found to be higher in f ish  than those in mammals 
(Fauconneau, 1985; Walton, 1985).
From measurements of ammonia excretion and oxygen uptake i t  is 
possible to estimate the con tr ibu tion  of amino acid catabolism to 
energy production under aerobic conditions. Such studies have shown 
that standard metabolism in f ish  is almost completely based on amino 
acid catabolism (Brett and Zala, 1975; Cho and Kaushik, 1985) but as 
the metabolic rate increases the l ip id  catabolism becomes increasingly 
important. The re la t iv e  contributions of l ip id s  and amino acids to 
energy production are dependent on a number o f factors such as the 
species involved, n u tr i t io n a l state and environmental temperature. In 
salmonids, during routine a c t iv i t y  more than 40% of energy production
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is due to amino acid catabolism. The maintenance energy needs of f ish  
are considerably lower than those o f homeothermic animals. For 
example, the maintenance energy expenditure in Rainbow tro u t (Salmo 
qa irdneri) with body weight between 50-150 gms, at 20 0 C is  33 
KJ/Kg day whereas that of a ra t (Rattus sp) weighing 130 gms at
22 0 C is  552 KJ/Kg day (as reviewed by Cbo & Kaushik, 1985).
Fish can withstand periods of s tarvation , during which they
catabolise th e i r  body prote ins. Generally protein concentration in
fish  vanesfrom 13% to 19% of the body wet weight. During depletion, 
fish  break down con tra c t i le  protein more read ily  than connective 
tissue prote in . For example, collagen (which is the princ ipa l 
connective tissue protein) is not mobilized during starvation. Levels 
of amino acids such as glycine and h is t id in e  of the muscle drop to 
about one s ix th  o f th e ir  normal values during starvation in the common 
carp (reviewed by Love, 1970). The protein concentration of the muscle 
of most severdy starved f ish  reach low leve ls; fo r  example in black 
back (Hippoqlossoides piatessoides) the protein level reached a very 
low figu re  of 2.83% of body wet weight (Templeman and Andrews, 1956).
As the protein gets depleted, the water content increases due to 
shrinkage of the c e l ls .  In case of severe protein depletion, the water 
content may r ise  to as high as 88%, with a corresponding f a l l  in
protein leve l.  Non-fatty f ish  fo r  example the A tlan t ic  cod have very
low l ip id  reserves in the muscle, and an inverse re la tionsh ip  between
protein and water. On the other hand, there is  an inverse re la tionsh ip
between l ip id  and water in the muscle of fa t ty  f is h ,  fo r  example the 
A tlan tic  herring (Love, 1970).
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M obilisa tion of prote in in fast swimming f ish  such as the 
A tlan t ic  mackeral is rapid. This is  probably because the a c t iv i ty  of 
lysosomal enzymes and the auto lysis of the muscle are both high, in 
th is  f is h  (reviewed by Love, 1970). Proteins can serve as a source fo r  
carbohydrates since many of the amino acids can be converted in to 
glucose, adding to the carbohydrate pool of the body. This process is 
called gluconeogenesis. L ip id can also be derived from amino acids and 
stored as fa t ,  and th is  process is called lipogenesis. The energy 
expended by f ish  may come from the oxidation o f l ip id s  or glucose 
derived from amino acids. This process is accelerated by 
adrenocortical steroids in f ish  (v iz .  co r t iso l and cortisone; Butler, 
1968). The protein catabolic property of the cort icostero id  hormones 
mobilizes prote in from the body muscle and provides energy. For 
example, in Oncorhvnchus sp a s ix  fo ld  increase in the blood plasma 
cortico ids during spawning migration brings about catabolism of about 
60 percent o f the body proteins (Matty and Khalid, 1985).
5.2 PROTEIN METABOLISM
Amino acids are precursors fo r  many bio logica l compounds 
especially proteins and are primarily required fo r  the synthesis of new 
body protein and other compounds such as hormones, purines and 
neurotransmitters. The body pool o f amino acids arises from two main 
sources, namely, from the d ie t  and from the catabolism o f body 
protein. In f is h ,  amino acids from the gut enter the portal blood 
system and pass through the l iv e r ,  which has an important ro le in the 
metabolism o f amino acids. Several f ish  species have been shown to
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require ten essential amino acids namely, arginine, h is t id in e , 
isoleucine, leucine^methionine, phenylalanine, threonine, tryptophane 
and valine (Shanks et al.., 1962). There are no known body stores of
amino acids, as excess amino acids are rap id ly  deaminated. During th is  
process the amino group is  degraded and u lt im a te ly  excreted as ammonia 
and the carbon skeleton gets oxidized via the t r ic a rb o x y lic  acid cycle 
(TCA) to y ie ld  energy or gets converted e ith e r to glucose or l ip id .  
These pathways are depicted in Fig 5.1
5.3 SEASONAL VARIATION IN PROTEIN CONCENTRATION OF FISH
In healthy f ish  protein (when considered as percentage body
weight) tends to be re la t iv e ly  constant fo r  a given species. For
esexample, the protein concentration do^not change s ig n if ic a n t ly  during 
development from elver to adult stage in s i lv e r  eel (Anaui11 a 
anqui11al (Boetius and Boetius, 1985). In general? there is no 
s ig n if ica n t seasonal varia tion  in protein concentration of f is h ,  but 
during the periods of starvation and gonad development, non-fatty f ish  
draw on th e i r  carcass prote in . For example, in female plaice 
(Pleuronectus piatessa) 40% of the protein in the body is u t i l iz e d  
during December to March, when they do not feed but grow large 
ovaries. I t  is noteworthy tha t during th is  period there is body 
protein break down and concentrationsof plasma co r t iso l are elevated 
(Dawson and Grimm, 1980).
So fa r  no systematic annual sampling has been done on male 
stickleback to estimate the protein concentration. This is of
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considerable in te res t as a c t iv i t ie s  such as t e r r i t o r ia l  defense,
courtship and parental care in male stickleback demand expenditure of 
energy. Good body condition is  essential fo r  successful breeding of 
the male stick leback. One o f the aims of th is  study is  therefore to
estimate the protein concentration in the male stickleback at
d if fe re n t stages in th e i r  annual l i f e  cycle.
5.4 METHODS OF PROTEIN DETERMINATION
Some workers have estimated the to ta l nitrogen in the dry tissue 
and use th is  value to ca lcu late protein concentration. Total nitrogen 
can be determined e ith e r on a Technicon autoanalyser employing the 
micro Kjeldahl method (Deegan, 1986) or using a Nitrogen gas analyser 
(Medford and Mackay, 1978). Protein is  calculated as to ta l nitrogen X 
6.025. A nitrogen - protein conversion fac to r of 6.025 is  considered 
appropriate fo r  f ish  muscle.
The Lowry procedure has been found to be the most re lia b le  and 
satis fac tory  method fo r  quantita tive  analysis of soluble protein 
(Lowry et al_., 1951). For many proteins, the Lowry procedure can be
run d ire c t ly  on the protein solution by trea ting  with a lka line copper 
reagent to p rec ip ita te  the prote in , which is then reduced by the Folin 
reagent. The insoluble proteins are i n i t i a l l y  treated with 
tr ich lo roa ce t ic  acid or perch loric  acid to p rec ip ita te  the prote in. 
The p rec ip ita te  is  dissolved in IN sodium hydroxide, then treated with 
a carbonate copper solution and then reduced by Folin reagent. In both
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cases, the op tica l density is read in a spectrophotometer. However, in 
the d ire c t  Lowry procedure interference is  caused by commonly used 
chemicals, such as sucrose, c i t ra te ,  ammonium sulphate, peptide 
buffers and phenols.
The Peterson's modification o f micro-Lowrv method u t i l iz e s  sodium 
dodecylsulphate to f a c i l i t a t e  the disso lu tion of re la t iv e ly  insoluble 
l ipoprote ins (Peterson, 1977). The p r in c ip le  involved in th is  method 
is based on the following reactions: An a lka line cupric ta r t ra te
reagent complexes with the peptide bonds and forms a purple-blue 
colour when a phenol reagent is added. Absorbance is  read at a 
suitable wavelength between 500 nm and 800 nm. The protein 
concentration is  determined by comparing with a ca l ib ra t ion  curve of 
the protein standard prepared from bovine serum albumin (BSA).
5.5 MATERIAL AND METHODS
The procedure used fo r  the determination o f protein in the male 
stickleback was based on the Peterson's modification o f micro-Lowry 
method (Peterson, 1977). The procedure is  depicted below in the form 
of a flow chart.
Fish k i l le d  in l iq u id  nitrogen at -196 0 C and transferred to a 
deep freezer o f -70 0 C
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Wet weight and standard length recorded and f ish  dissected on 
melting ice. Wet weights o f body compartments recorded and kept 
at -30 0 C fo r  one hour. Fish tissue dehydrated by freeze-drying 
fo r  24 hours in Edwards EF03 freeze-drie rI
Dry weight o f freeze-dried tisuues recorded
I
Dried tissue ground in to  powder and used fo r  l ip id  extraction 
(see chapter 4). L ip id -free  tissue was used fo r  protein 
determination
T
Known weight of the dry l ip id - f re e  tissue introduced in to 
labelled Eppendorf micro-centrifuge tube and 1 ml of water 
added
0.1 ml o f sodium deoxycholate solution (DOC) added and mixed 
well using a vortex-mixer. Kept at room temperature fo r  10 
minutes
■i  r
:
0.1 ml o f 72% tr ich lo ro a ce t ic  acid w/v (TCA) added and mixed 
well using a vortex-mixer I1
Centrifuged fo r  10 minutes (at 10.000 g) to p e l le t  the 
p rec ip ita te
1 f
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Supernatant decanted and dissolved the p e l le t  in 1 ml 
modified Lowry reagent solution (Sigma chemical company)I
Solution transferred to labelled tes t tube, rinsed Eppendorf 
centrifuge tube with 1 ml water and rinsings added to tes t tube 
Contents in tes t tube mixed well using a vortex-mixer and 
allowed to stand at room temperature fo r  20 minutes
I
0.5 ml Folin and Ciocalteu's phenol reagent added with rapid 
mixing i
T
The solution allowed to stand at room temperature fo r  30 
minutes fo r  the purple-blue colour to develop
The tes t solution transferred to the spectrophotometer cuvette, 
op tica l density read at 750 nm and matched with a standard 
protein ca lib ra t ion  curve
Freshly prepared protein standards were used fo r  every batch of 
test solutions from bovine serum albumin (BSA). The absorbance values 
of the protein standards were p lo tted against th e i r  concentrations to 
obtain the protein ca lib ra t ion  curve. The optica l density readings of 
the tes t solutions were matched with the standard protein ca lib ra t ion  
curve and the protein concentrations obtained.
Protein values expressed as mg g-^ dry weight refer to relative levels 
of protein concentration. Analysis based on absolute levels leads to 
equivalent conclusions throughout this thesis.
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5.6 DATA ANALYSIS
Mean monthly protein concentrations were calculated fo r  the
young o f  the year and fo r  adult non-breeding f is h .  The f ish  were 
assigned to th e i r  respective age classes using body weight as the
c r i te r ia  fo r  d is tingu ish ing young of the year from adult f is h .  Sample 
sizes, mean length and weights of the f ish  collected from the River 
Kelvin are given in Table 2.1 (see chapter 2).
The data were checked fo r  normal d is tr ib u t io n  and transformed 
when necessary. Product-moment corre la t ion  coe ff ic ien ts  were 
calculated between body weights and protein concentrations in the
l iv e r ,  gonad and carcass. Oneway analysis of variance (ANOVA) was used 
to check fo r  seasonal var ia tion  in protein concentration. The 
re la tionsh ip  between body weight and protein concentration was 
investigated by regression analysis fo r  each month over a period of 
one year, considering the young of the year and the adult non-breeding 
fish separately.
5.7 RESULTS
Table 5.1 summarizes the resu lts  of oneway analysis of variance 
(ANOVA) on protein concentrations fo r  the en tire  year. Table 5.2 gives 
the corre la tions between protein concentrations in the l iv e r ,  gonad 
and carcass. Figure 5.2 A to C shows the annual changes in protein 
concentrations in the l iv e r ,  gonad and carcass respectively. The mean 
values and 95% confidence in te rva ls  o f the means have been p lotted 
against the months of the year. The months have been arranged on the 
X-axis to depict the complete l i f e  cycle of the male sticklebacks from 
th is  population.
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FIGURE 5.2 ANNUAL CHANGES IN PROTEIN CONCENTRATION
A) Mean and 95% confidence in te rva ls  of 
l i v e r  protein
B) Mean and 95% confidence in te rva ls  o f 
gonad protein
C) Mean and 95% confidence in te rva ls  o f 
carcass protein
(The months are arranged on the X-axis to depict 
the complete l i f e  cycle o f the male three-spined 
stickleback from the River Kelvin)
Y = Young of the year 
A = Non-breeder adult
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5.7.1 Annual var ia tion  in 1iver protein concentration
In general, the annual changes in protein concentrations were 
much less marked than fo r  glycogen and l ip id s .  In the young o f the 
year, there was an increase in l iv e r  protein concentrations from 
August to  November, followed by a gradual but small decline through 
the spring months and a small (non-s ignificant) increase in early 
summer.
In August, the non-breeding adult f ish  had s l ig h t ly  higher 
protein concentrations than the young o f the year (but not 
s ig n i f ic a n t ly  so). Protein concentrations of the non-breeding f ish  
fe l l  from September and December to concentrations s ig n if ic a n t ly  below 
those o f young o f the year. This group of f ish  was not found beyond 
winter.
5.7.2 Annual var ia tion  i_n gonad protein concentration
In the young of the year gonad protein concentration did not 
vary across the year. Non-breeding adults had lower gonad protein 
concentrations than young of the year and these declined s l ig h t ly  up 
to December.
5.7.3 Annual varia tion  j_n carcass protein concentration
In the young of the year carcass protein concentrations remained 
broadly constant from August to A p r i l .  There was a decline in the 
carcass prote in concentration from the begining of the breeding season 
u n t i l  Ju ly . In the non-breeding male f ish  carcass protein 
concentration declined (from September onwards) to levels 
s ig n if ic a n t ly  lower than those of young of the year.
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TABLE 5.2 Correlation coe ff ic ien ts  and levels o f s ign if icance 
between protein concentrations in the l i v e r  gonad 
and carcass.
A -  during the non-breeding season o f August to May
B -  during the breeding season -  month o f June
C -  during the breeding season -  month o f July
Abbreviations:
R = Product-moment co rre la t ion  c o e ff ic ie n t 
P = Levels of s ign if icance 
* * *  = P <0.001 
**  = P <0.01 
* = P <0.05 
+ = P <0.1
NS = Non-significant 
N = Number o f samples
Table 5.2 A
PROTEIN
LIVER GONAD CARCASS
R = 0.572
p = * * *
R = 0.542
p _ kk~k
LIVER
N = 241 R = 0.649
p _ * * *
GONAD
CARCASS
Table 5.2 B PROTEIN
LIVER GONAD CARCASS
R =-0.061 
P = NS
R =-0.101 
P = NS
LIVER
N = 22
1
R =-0.221 
P = NS
CARCASS
Table 5.2 C PROTEIN
LIVER GONAD CARCASS
R =-0.249 
P = NS
R =-0.364 
P = NS
LIVER
N = 18 R =-0.529
p _ *
GONAD
CARCASS
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5.7.4 The re la tionsh ip  between protein concentration in the 1ive r. 
gonad and carcass
Prio r to  the breeding season, the l iv e r ,  gonad and carcass 
constituted 2.5%, 1.5% and 96% of protein respectively (of the to ta l
body pro te ins). Table 5.2 A to C show the product-moment corre la tion 
coe ff ic ien ts  between protein concentrations in the d if fe re n t body 
compartments. There were pos it ive  (h ighly s ig n if ica n t)  re lationships 
between protein concentration in the l iv e r ,  gonad and carcass during 
the non-breeding season (v iz .  August to May). In June the 
re lationships were non-s ign if icant (but weakly negative) and by July 
these had larger negative values (s ig n if ica n t only in the case o f 
gonad and carcass). The change from a pos it ive  to a negative 
re la tionship over th is  period is probably due to d i f fe re n t ia l  
depletion of gonad protein in f ish  with high l iv e r  and carcass protein 
concentration (presumably those that had depleted th e ir  reserves as a 
result o f breeding).
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5.7.5 The re la tionsh ip  between body weight and protein concentration
5.7.5.1 Body weight and 1ive r protein concentration
Figure 5.3 show the scatter plots of l iv e r  protein concentration 
against body weight fo r  each month over a period of one year. In young 
of the year the re la tionsh ip  between body weight and l iv e r  protein 
concentration was pos it ive  in September but th is  reversed to a 
negative corre la t ion  in October. In November there was no s ig n if ica n t 
re la tionsh ip . From December to May the re la tionship  was negative and 
s ign if ican t but there was no s ig n if ic a n t corre la t ion  in June. In July 
there was a weakly pos it ive  re la tionsh ip . These changes in the 
re lationship between body weight and protein concentration probably 
came about as fo llows: the l iv e r  protein concentration increased in
young of the year from September resu lting  in posit ive  corre la t ion ; 
from December to May the bigger f ish  accumulated l ip id  and glycogen
CL
reserves in th e i r  l ive rs  and hadAlower re la t ive  protein concentration 
than the smaller f is h ;  th is  resu lts  in a negative corre la t ion . In June 
the bigger f ish  bred ac tive ly  using up th e ir  energy reserves hence 
there was no s ig n if ic a n t re la tionsh ip  between body weight and l iv e r  
protein concentration.
In the adult non-breeding f ish  the re la tionsh ip  between body 
weight and l iv e r  protein concentration was posit ive  in August but 
there was no s ig n if ic a n t  re la tionsh ip  from September to December.
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FIGURE 5.3 Scatter p lo ts  o f L iver protein against body 
weight fo r  each month over a period o f one year. 
Protein values are given in mg g~* d.w and 
body weight in gms.
A = non-breeding adult males 
Y = young o f the year 
A'= breeding adult males
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5.7.5.2 Body weight and gonad protein concentration
Figure 5.4 shows the scatter plots of gonad protein 
concentrations against body weights fo r  each month over a period of 
one year. In young of the year the re la tionship between body weight 
and gonad protein concentration was negative and s ig n if ica n t fo r  
almost the whole year, apart from October to November and May to June 
when the re la tionsh ip  was non s ig n if ic a n t.
In the non breeding adult f ish  the re la tionship was negative and 
s ig n if ica n t from August u n t i l  October but was non-s ignif icant in 
November and December as gonad protein concentration dropped to very 
low leve ls.
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FIGURE 5.4 Scatter p lo ts  o f Gonad protein against body 
weight fo r  each month over a period o f one year. 
Protein values are given in mg g- * d.w and 
body weight in gms.
A = non-breeding adult males 
Y = young o f the year 
A' = breeding adult males
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5.7.5.3 Body weight and carcass protein concentration
Figure 5.5 shows the scatter p lo ts of carcass protein 
concentration against body weight fo r  each month over a period o f one 
year. In young of the year the re la tionship  between body weight and 
carcass protein concentration was negative and s ig n if ica n t from 
September to May apart from November and May when i t  was negative but 
non-s ign if ican t. The negative re la tionship  arose because the larger 
fish had comparatively lower concentration of carcass protein than the 
smaller f ish  due to accumulation of l ip id  reserves. In June and July 
the re la tionsh ip  changed to a pos it ive  one as the carcass protein in 
the smaller f ish  was depleted more than in the bigger f ish  during the 
breeding season. This was probably because the smaller f ish  had l^wer 
energy reserves and had to draw on th e ir  carcass protein to meet the 
energy demands.
In the non-breeding adults the re la tionsh ip  between body weight 
and carcass protein concentration was negative and s ig n if ica n t from 
August to December, a fte r  which th is  age group of f ish  was not 
encountered in the sample.
155
FIGURE 5.5 Scatter p lo ts o f Carcass prote in against body 
weight fo r  each month over a period o f one year. 
Protein values are given in mg g- * d.w and 
body weight in gms.
A = non-breeding adult males 
Y = young o f the year 
A' = breeding adult males
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5.8 DISCUSSION
Long range migratory animals such as birds and insects, normally 
acquire energy fo r  th e i r  a c t iv i t ie s  by an almost exclusive combustion 
of p ro te in -free  energy reserves (v iz . glycogen and l ip id s ) .  However, 
studies on f ish  indicate that there is no exclusive mobilisation of 
l ip id  reserves in f ish  during migration and breeding. Instead proteins 
are drawn upon in addition to l ip id  and glycogen reserves (as reviewed 
by Boetius and Boetius, 1985). S im ilar results have been obtained fo r  
the male three-spined stickleback in th is  pro ject.
In the young of the year, protein concentrationsremain more or 
less constant during the early non-breeding season. As the f ish  grow, 
there is  a s h i f t  from in i t i a l  protein growth to l ip id  accumulation. 
Thus there is a very gradual decrease in protein concentration as the 
f ish  tends to accumulate l ip id s .  The l iv e r  and gonad protein 
concentrationSdo not change s ig n if ic a n t ly  during the breeding season, 
but the carcass protein concentration fa l ls  sharply during the months 
of June and July. Thus, the pos it ive  re la tionship  between protein 
concentration in the l iv e r ,  gonad and carcass (which exists-during the 
non-breeding season) disappears during the breeding season due to 
depletion o f prote in.
Percentages calculated from monthly re la t ive  protein 
concentration (on dry weight basis) show that carcass protein 
constitutes about 71% of dry weight during the non-breeding season; 
th is  decreases to 58% in June and to 50% in July. These results 
indicate that glycogen and l ip id  reserves in the l iv e r  of the male
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three-spined stickleback are probably in s u f f ic ie n t  to cover the energy 
expenditure involved in breeding especially during the month o f Ju ly. 
Consequently protein from the carcass is drawn upon to  meet the energy 
demand. There is  p re ferentia l u t i l iz a t io n  o f protein over l ip id  
reserves o f the carcass, which indicates that in the male sticklebacks 
there is  no exclusive mobilisation of carcass l ip id s  during the 
breeding season.
5.9 CONCLUSIONS
This chapter describes the annual var ia tion  in protein 
concentrations of the l iv e r ,  gonad and carcass in the male 
sticklebacks. Protein concentration is less variable than glycogen and 
l ip id  reserves, although l iv e r  protein increases in the la te  autumn and 
carcass protein decreases very gradually from January onwards. This 
decrease in carcass protein is inversely related to l ip id  
accumulation.
The re la tionsh ip  between body weight and protein concentration is 
predominantly negative during the non-breeding season, which re f lec ts  
the re la t iv e ly  higher l ip id  reserves, p a r t ic u la r ly  in the carcass of 
larger f is h .  In June and July, the ne ga t ive  re la tionsh ip  between the 
body weight and carcass protein concentration changesto a pos it ive  
one. This is  because carcass protein in the smaller f ish  is  depleted 
more than in the bigger f ish  during the breeding season, probably due 
to th e ir  low levels o f l iv e r  l ip id  and glycogen reserves.
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These resu lts  indicate that protein as well as l ip id  and glycogen 
are mobilized to  meet the energetic requirements of breeding male 
s tick lebacks.
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CHAPTER 6
THE RELATIONSHIP BETWEEN GLYCOGEN, LIPID AND 
PROTEIN CONCENTRATION
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CHAPTER 6. THE RELATIONSHIP BETWEEN GLYCOGEN, LIPID AND PROTEIN 
CONCENTRATION
6.1 INTRODUCTION
Animal t issue consists o f two major components: namely water and
dry matter. The la t te r  is d iv is ib le  in to subcomponents o f protein , 
l ip id ,  glycogen, minerals and vitamins (Love, 1970). The re la t ive  
proportion o f these components varies as d if fe re n t energy reserves are 
stored and depleted in d if fe re n t  parts of the body. The re la tionship  
between the main constituents therefore varies depending on the 
species, season of the year, environmental parameters, stage o f gonad 
maturity, state of n u t r i t io n  and age. Studies on chemical changes in 
body during periods of growth and reproduction can provide information 
about changes in metabolic a c t iv i ty .
The re la tionsh ip  of the main biochemical constituents in f ish  
muscle tissue varies between species according to where the reserve
l ip id  is  stored. There is an inverse re la tionship  between the l ip id
and water in fa t ty  f ish  muscle such as the A t lan t ic  herring (Clupea 
harenaus) . but in non fa t ty  f ish  such as A t lan t ic  cod and brook char 
(Salvelinus fo n t in a l is ) water content is inversely related to the 
protein level (P h i l l ip s  and Livingston, 1960; Love, 1970).
In many f ish  from both freshwater and marine environments, marked
changes occur during the breeding season in the levels o f the
biochemical components o f the tissues. Gonad maturation is  one o f the 
important variablesin fluencing the levels of the various biochemical
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components o f f is h .  For example, in the cat f ish  (Heteropneustes 
foss i l  i s ) , the period o f peak ripeness of the gonads is  accompanied by 
a rapid depletion o f the hepatic glycogen and l ip id  reserves. This is 
because the energy required fo r  the gonad development is made 
available by mobiliz ing energy reserves from the l iv e r .  The pre­
spawning period is generally characterized by a steep increase in the 
energy reserves. On the other hand, the breeding season registers the 
lowest values of energy reserves (Shreni, 1980).
In the Centracantid f ish  (Spicara ch rvse lis ) there is  an increase 
in blood glucose levels during the pre-spawning period. The blood 
glucose comes from l ip id s  or proteins which are a l l  capable o f being 
converted in to  glucose. In addition there is an increase in the 
concentration of free fa t ty  acids (FFA) in the plasma during the pre­
spawning period ind ica ting  mobilization of l ip id  reserves (Fernandez 
and Planas, 1980). A ll these changes resu lt in d i f fe re n t ia l  depletion 
of biochemical components in the body compartments. For example, in 
the female pla ice ( Pleuronectes piatessa) (which does not feed from 
December u n t i l  March but growslarge ovaries during th is  time) the body 
depletes 40% of i t s  protein (out of which 7% is metabolised to provide 
energy and 33% is used fo r  egg production) and 64% of i t s  l ip id  (to 
supply energy fo r  metabolic purposes). I t  is  also found that there are 
elevated levels of plasma co r t iso l when nitrogen balance is  negative 
end low levels o f plasma co r t iso l when nitrogen balance is  pos it ive  
(Dawson and Grimm, 1980).
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A study of changes in the re la t ive  proportions o f prote in , l ip id  
and water o f bluntnose minnow (Pimephales notatus) growing at 
d if fe re n t temperatures (v iz . 15 . ° , 25 0 and 30 0 C) showed that
temperature modifies body composition. For example, protein (as a 
percentage o f body dry weight) decreased in f ish  at 25 0 C and 30 0 C 
but decreasing temperature led to s ig n if ic a n t ly  enhanced protein 
content during growth. The corre la tions between body constituents and 
body weight are high, so that estimates o f body composition can be 
obtained from body weight fo r  a l l  temperature groups (G il l  and 
Weatherley, 1984).
Biochemical analyses of the s i lv e r  eel (Anaui1 la anaui11a) show 
that there is no pre ferentia l mobilization of l ip id  reserves during a 
period o f s tarvation . This is  because the depletion of l ip id  reserves* 
take place at a lower rate than tha t of protein (Boetius and Boetius, 
1985). In the g u lf  menhaden (Brevoortia patronus) body composition 
changes from larvae to subadult stage. The changes include an increases 
in l ip id  reserves and a corresponding decrease in nitrogen content, 
showing a s h i f t  from protein growth to l ip id  storage which is 
associated with attainment of larger size (Deegan, 1986).
Results discussed in the previous chapters indicate that there 
are annual varia tions in the biochemical components in male three- 
spined s t ic k le b a c k ^  Data analyses and results  described in th is  
chapter are intended to supplement the information given in the 
previous chapters (Chapter 3,4 and 5).
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In p a r t ic u la r  the aims are as follows:
1) To look at the in te rre la t ion sh ip  between biochemical components 
both outside and during the breeding season in the male three-spined 
stickleback.
2) To examine the annual varia tion  in percentage composition o f body 
of the male three-spined stickleback.
6.2 DMA ANALYSES
In order to examine the re la tionship  between biochemical 
components, product-moment corre la t ion  coe ff ic ien ts  were calculated 
fo r a l l  possible combination of biochemical components (v iz . glycogen, 
l ip id  and protein) in the d if fe re n t  body compartments (v iz . l i v e r ,
gonad and carcass). Correlation coe ff ic ien ts  were calculated 
separately fo r  non-breeding season (August to May) and fo r  the 
breeding season(June and Ju ly ). Percentage values were calculated 
(from the mean absolute values of biochemical components) to obtain
the annual var ia tion  in percentage composition of body.
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6.3 RESULTS
Table 6.1 A to C shows correlations between the biochemical 
components in the l iv e r ,  gonad and carcass during the non-breeding 
season (v iz .  August to May) and in June and July, the two months of 
the breeding season. Figures 6.1 A and 6.2 A are scattergrams showing 
the strong pos it ive  corre la t ion  between glycogen and l ip id  reserves in 
the l i v e r  and carcass respectively during the non-breeding season 
(v iz . August to May). Figure 6.1 B is a scattergram showing equal 
degrees of depletion of glycogen and l ip id  reserves in the l iv e r  
during the breeding season. Figure 6.2 B is a scattergram showing 
d i f fe re n t ia l  depletion of glycogen and l ip id  reserves in the carcass 
during the breeding season. Table 6.2 A-B shows the re la t ive  degrees 
of depletion o f various energy sources during the breeding season. 
Figures 6.3 and 6.4 show the var ia tion  in percentage composition of 
the body (based on wet and dry weights respectively) of young of the 
year over a period of twelve months.
6.3.1 In te rre la t ionsh ip  between biochemical components.
6.3.1.1 During the non-breeding season (August to May)
During the non-breeding season the re la tionship  between l ip id ,  
glycogen and protein levels in the body components were as follows 
(See Table 6.1 A ).
In the 1ive r : L iver l ip id  and glycogen w%ye po s it ive ly  correlated
(highly s ig n if ic a n t ly  so) but there was no re la tionsh ip  between l iv e r  
protein and l ip id .  There was a weak but s ig n if ica n t negative 
re la tionship between l iv e r  protein and glycogen.
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TABLE 6.1 A Correlations between biochemical components in
in the liver, gonad and carcass during the non­
breeding season (viz. August to May)
Abbreviations:
R = Product-moment co rre la t ion  c o e ff ic ie n t 
P = Levels of s ign if icance 
* **  = P <0.001 
**  = P <0.01 
* = P <0.05 
+ = P <0.1
NS = Non-significant
N = 241 (Number of samples)
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In the gonad : Gonad l ip id  and glycogen, gonad protein and glycogen,
gonad protein and l ip id  were a l l  p o s it ive ly  correlated (h ighly 
s ig n if ic a n t ly  so), the re la tionsh ip  between glycogen and l ip id  being 
p a r t icu la r ly  strong.
In the carcass : There was a posit ive  and highly s ig n if ica n t
re la tionship between carcass l ip id  and glycogen but a negative and 
highly s ig n if ic a n t  re la tionsh ip  between carcass protein and l ip id .  
There was a weak pos it ive  yet s ig n if ic a n t re la tionsh ip  between carcass 
protein and glycogen.
In the 1ive r  and gonad : L iver l ip id  and gonad glycogen, l iv e r
glycogen and gonad l ip id ,  l i v e r  l ip id  and gonad protein were a l l  
pos it ive ly  correlated (h ighly s ig n if ic a n t ly  so). There was no 
re lationship between l iv e r  protein and gonad glycogen, l iv e r  protein 
and gonad l ip id ,  but there was a s ig n if ic a n t but weak posit ive  
re lationship between l iv e r  glycogen and gonad protein.
In the 1 ive r and carcass : L iver l ip id  and carcass glycogen, l iv e r
glycogen and carcass l ip id  were a l l  p o s it ive ly  correlated and highly 
s ig n if ica n t.  There was a weak posit ive  re la tionsh ip  between l iv e r  
protein and carcass glycogen but a weak negative re la tionship between 
l iv e r  prote in and carcass l i p id .  There was no re la tionship between 
l iv e r  l ip id  and carcass protein but there was a very weak negative 
re lationship between l iv e r  glycogen and carcass prote in.
In the gonad and carcass: Gonad l ip id  and carcass glycogen, gonad
glycogen and carcass l ip id ,  gonad protein and carcass glycogen were 
a ll p o s it ive ly  correlated and highly s ig n if ic a n t .  Gonad protein and
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carcass l i p id  were negatively correlated and highly s ig n if ic a n t .  There 
were no re la tionsh ip  between gonad glycogen and carcass prote in , gonad 
l ip id  and carcass protein.
Thus, a strongly pos it ive  and highly s ig n if ica n t re la tionsh ip  
exists between glycogen and l ip id  reserves in a l l  body compartments. 
The re la tionsh ip  between glycogen and protein levels was less marked 
and more variab le being pos it ive  in the gonad and carcass and weakly 
negative in the l iv e r .  L ip id and protein levels were strongly 
negatively related in the carcass, p o s it ive ly  related in the gonad, 
and there was no re la tionsh ip  between them in the l iv e r .
6.3.1.2 During the breeding season (June and July)
During the breeding season the re la tionsh ip  between glycogen, 
l ip id  and protein levels in the body compartments were as follows (See 
Table 6.1 B and C).
In the 1iv e r : There were no s ig n if ic a n t re lationships between l ip id ,
glycogen and protein in the l i v e r  during June and July.
In the gonad: Gonad l ip id  and glycogen, gonad protein and glycogen
were s ig n i f ic a n t ly  p o s it ive ly  correlated in June and July. Gonad 
protein and l ip id  were p o s it iv e ly  correlated (highly s ig n if ic a n t ly  so) 
in June but in July they were not s ig n if ic a n t ly  related.
In the carcass: There were no re lationships between carcass l ip id  and
glycogen in June and July. There was a weak negative re la tionship  
between carcass protein and l ip id  in June but in July there was no
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TABLE 6.1 B Correlations between biochemical components
in the liver, gonad and carcass during the
breeding season (June)
Abbreviations:
R = Product-moment co rre la t ion  c o e f f ic ie n t  
P = Levels o f s ign if icance 
* * *  = P <0.001 
**  = P <0.01 
* = P <0.05 
+ = P <0.1
NS = Non-significant
N = 22 (Number of samples)
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TABLE 6.1 C Correlations between biochemical components
in the liver, gonad and carcass during the
breeding season (July)
Abbreviations:
R = Product-moment co rre la t ion  co e ff ic ie n t 
P = Levels of s ign if icance 
***  = P <0.001 
* *  = P <0.01 
* = P <0.05 
+ = P <0.1
NS = Non-significant
N = 18 (Number of samples)
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re la tionsh ip . There ^ e re  negative re lationships between carcass 
protein and glycogen in June and July (but not s ig n if ic a n t ly  so).
In the 1ive r and gonad: There were no re lationships between the
biochemical components in the l iv e r  and gonad during the breeding 
season, other than between l iv e r  glycogen and gonad protein in July 
which was p o s it iv e ly  correlated (h ighly s ig n if ic a n t) .
In  the 1ive r and carcass: There were no re lationships between
glycogen, l ip id  and protein levels in the l iv e r  and carcass during the 
breeding season, other than weak negative re lationships between l iv e r  
l ip id  and carcass protein in June and l iv e r  glycogen and carcass 
protein in July.
In the gonad and carcass: In June there were no re lationships between
the biochemical components in the gonad and carcass. In July there 
were no re la tionships between l ip id  and glycogen reserve^s, and gonad 
protein and carcass l ip id .  The re la tionships between gonad l ip id  and 
carcass pro te in , gonad glycogen and carcass protein were negative 
(s ig n i f ic a n t) .  There was a pos it ive  (s ig n if ica n t)  re la tionship 
between gonad protein and carcass glycogen in July.
Thus there were no re la tionships between the biochemical 
components in the l iv e r  and carcass in June but in the gonad they were 
a ll p o s it iv e ly  correlated (s ig n i f ic a n t ) .  In July there were no 
re lationships between glycogen and l ip id  reserves in the l iv e r  and 
carcass but these were p o s it iv e ly  correlated and weakly s ig n if ica n t in 
the gonad. The re la tionships between glycogen and protein levels wai-e 
strongly negative (h ighly s ig n if ica n t)  in the carcass and were
positive  in the gonad but there was no re la tionship between th e i r  
levels in the l iv e r .  There were no re lationships between protein and 
l ip id  levels in a l l  body compartments during July.
6.3.1.3 Differences in the re la tionship between biochemical 
components during the non-breeding season and breeding season.
Many o f the s ig n if ic a n t  re lationships between glycogen, l ip id  and 
protein levels in the d i f fe re n t  body compartments (of the male three- 
spined stickleback) disappeared once the breeding season started. In 
some cases the re la tionsh ip  disappeared because both biochemical 
components dropped to uniformly low leve ls. In other cases the 
re la tionship disappeared because one of the biochemical component was 
d i f fe re n t ia l ly  depleted. This section indicates the spec if ic  case and 
gives scattergrams (see Fig 6.1 A-B and 6.2 A-B) to i l lu s t r a te  
representative examples.
During the non-breeding season the re lationships between glycogen 
and l ip id  reserves in a l l  body compartments were strongly pos it ive  
(highly s ig n i f ic a n t ly  so). This indicates that l ip id  and glycogen 
reserves were accumulated p a ra lle ly  during the non-breeding season. 
The strong pos it ive  corre la t ion  between glycogen and l ip id  reserves 
in the l iv e r  (see Fig 6.1 A) and in the carcass (see Fig 6.2 A) 
disappeared during the breeding season. The disappearance of the 
strong pos it ive  corre la t ion  between glycogen and l ip id  stores in the 
l iv e r  was a resu lt of equal degrees o f depletion of both reserves to 
uniformly low leve ls. In July, about 98% of glycogen and 95% of l ip id  
reserves were depleted from the l iv e r  (on wet weight basis) (see Fig
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Figure 6.1 A Scattergram showing the strong pos it ive  corre la t ion  
between glycogen and l ip id  reserves in the l iv e r  of 
the male stickleback during the non-breeding 
season (v iz . August to May)
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Figure 6.2 A Scattergram showing the strong po s it ive  corre la t ion  
between glycogen and l ip id  reserves in the carcass 
o f the male stickleback during the non-breeding 
season (v iz .  August to May)
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Figure 6.1 B Scattergram showing depletion o f glycogen and 
l ip id  reserves in the l i v e r  o f the male 
stickleback in July
Figure 6.2 B Scattergram showing d i f fe re n t ia l  depletion of 
glycogen and l ip id  reserves in the carcass o f 
the male stickleback in July
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6.1 B). On the other hand the pos it ive  corre la tion  between glycogen 
and l ip id  stores in the carcass disappeared due to d i f fe re n t ia l  
depletion o f these reserves (carcass glycogen having depleted more 
markedly than carcass l i p id ) .  In July, about 67% of glycogen and 30% 
of l i p id  stores were depleted from the carcass (on wet weight basis) 
(see Fig 6.2 B). There were no re lationships between glycogen and 
l ip id  levels in the l iv e r  and carcass during the breeding season, but 
these were p o s it iv e ly  correlated (weakly s ig n if ica n t)  in the gonad. As 
a re su lt  o f depletion of energy stores the f ish  had very low glycogen 
and l ip id  reserves by the end of the breeding season which explains 
the disappearance o f strong pos it ive  corre la t ion .
The re la tionships between glycogen and protein levels were not 
c lea rly  marked during the non-breeding season. Levels were weakly 
negatively re lated in the l iv e r  but were p o s it ive ly  correlated in the 
carcass and gonad. During the breeding season there were no 
re lationships between glycogen and protein levels in the l iv e r  due to 
depletion. In June there was a weak negative corre la tion between 
glycogen and protein levels in the carcass and in July th is  
re la tionsh ip  was strongly negative (highly s ig n if ic a n t) .
There were no re la tionships between l ip id  and protein levels in 
the l i v e r  e ith e r  outside or during the breeding season. The 
re lationships between l ip id  and protein in the gonad were pos it ive  
(highly s ig n if ic a n t)  outside the breeding season and in June but there 
was no re la tionsh ip  in July. L ip id and proteins had a negative (h ighly 
s ign if ica n t)  re la tionsh ip  in the carcass during the non-breeding
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season but th is  re la tionsh ip  was weaker in June and there was no 
re la tionsh ip  in Ju ly.
6.3.2 Percentage composition of body.
6.3.2.1 Percentage composition of body wet weight.
Figure 6.3 depicts percentage composition o f body wet weight in 
young o f the year over a period of twelve months.
In the young o f the year the percentage of water was 75.5% in 
August; th is  increased s tead ily  to 80% by November and went up to 
84.3% during the breeding season. Protein made up 17% of wet weight in 
August; th is  decreased to 14.8% by November and declined sharply to 
9.7% in the fo llow ing July. There was an approximate inverse 
re la tionship between water and protein levels. About 0.65% of the
weight o f the young o f the year consisted of l ip id  reserves; th is
steadily increased to 2% by October but declined during the w inter to 
0.63%. Thereafter the l ip id  reserves increased to 2.69% but were 
depleted to 1.5% by July. The glycogen reserves constituted a small 
proportion o f the to ta l biochemical components o f the body. In the 
young o f the year the percentage of glycogen reserves was 0.03% in 
August which increased to 0.11% by the beginning o f the breeding 
season. By July there was only 0.02% of glycogen reserves due to heavy 
depletion. The percentage represented as unknown in the stack-columns 
was presumably ash (which was not estimated).
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Figure 6.3 Stack-columns showing the annual changes in 
percentage composition o f body wet weight
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6.3.2.2 Percentage composition o f body dry weight.
Figure 6.4 depicts percentage composition o f body dry weight in 
young o f the year over a period of twelve months.
Protein made up 69.8% of the dry weight of the young of the year 
in August, when i t  formed bulk of the dry matter. The percentage of 
protein increased s tead ily  up to 75.3% in November followed by a
gradual decline and in July protein constituted only 58% of the dry
matter. In August, l ip id  constituted 2.6% of the dry matter in young
of the year. There was a gradual increase in the l ip id  reserves up to 
October which was checked during w inter. From January the l ip id
reserves increased u n t i l  the s ta r t  of breeding season when i t  
constituted 15.5% of dry matter. In July the l iv e r  l ip id  reserves were 
completely depleted but those o f the carcass was not. In August the 
glycogen reserves constituted 0.13% of dry matter and by April th is  
had increased to 0.6%. By July the glycogen reserves had been depleted 
to a level of 0.2% of the dry matter. The remaining frac tion  o f the 
dry matter probably represents the ash conponent.
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Figure 6.4 Stack-columns showing the annual changes in 
percentage composition o f body dry weight
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6.3.3 Depletion of energy sources during the breeding season
The extent o f depletion o f energy sources due to reproductive 
a c t iv i ty  was estimated by expressing the biochemical component levels 
in June and July as a percentage (wet weight) of the peak levels ( in  
April/May) p r io r  to the breeding season. The results are shown in 
Table 6.2 A-B.
Levels of a l l  energy sources f e l l  from peak levels during the 
breeding season, and in each case the f a l l  was more marked in July 
than in June. By the end o f the breeding season l iv e r  l ip id  and 
glycogen reserves were severely depleted. Carcass glycogen was also 
heavily depleted by two th ird s .  Carcass protein and carcass l ip id  were 
depleted by one th i rd .  The depletion in carcass glycogen was greater 
in the period up to June than between June and July. On the other 
hand, the d ras tic  depletion on l iv e r  glycogen occurred in July. Liver 
l ip id  was depleted equally in June and July, as was carcass prote in. 
Carcass l i p id  stores were not depleted in June (instead there was a 
s l ig h t increase), but were depleted^approximafely 30% in July.
Table 6.2 Relative degrees o f depletion o f various energy 
sources during the breeding season.
6.2 A June
Variable % Depletion
Liver l ip id 57
Carcass glycogen 56
Liver glycogen 33
Carcass protein 15
Carcass l ip id 2
6.2 B July
Variable % Depletion
Liver glycogen 98
Liver l i p id 95
Carcass glycogen 67
Carcass protein 38
Carcass l ip id 30
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6.4 DISCUSSION
Glvcoaen and l ip id  reserves
In simple chronological terms, there is  a c lear para lle lism  in 
the trends o f accumulation of glycogen and l ip id  stores in a l l  body 
compartments during the non-breeding season (see chapters 3 and 4). 
This is  re flec ted in the strong pos it ive  corre lations between glycogen 
and l ip id  reserves in the l iv e r ,  gonad and carcass outside the 
breeding season. Dramatic changes occur in these re la tionships during 
the breeding season, essen tia lly  due to depletion of e ith e r one or
both energy reserves. The strong pos it ive  corre lations between
glycogen and l ip id  reserves in the l iv e r  disappear altogether in June 
and July due to equal degrees of depletion of both reserves to 
uniformly low leve ls. In Ju ly, about 98% of glycogen and 95% of l ip id
reserves are depleted from the l iv e r  (on wet weight basis). On the
other hand the pos it ive  corre la tions between glycogen and l ip id  stores 
in the carcass disappear due to d i f fe re n t ia l  depletion. About 67% of 
glycogen but only 30% of l i p id  stores are depleted from the carcass 
(on wet weight basis) in Ju ly. In the gonads, glycogen and l ip id  
stores are strongly p o s it iv e ly  correlated from August to May but 
during the breeding season the re la tionsh ip  becomes weaker as the 
reserves are gradually depleted (22% of glycogen and 25% o f l ip id  
reserves).
Glvcoaen and protein levels
The re la tionsh ip  between glycogen and protein levels are not 
pronounced in any o f the body compartments. This is probably because
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protein constitu tes bulk o f the dry matter (about 72% to  76%) whereas 
glycogen constitutes only a frac t ion  of i t  (about 0.03% to 0.05%). 
However, i f  glycogen and l ip id  reserves tend to increase during the 
non-breeding season then i t  is expected that the re la t iv e  protein 
level should decrease to maintain a balanced body composition. This 
expectation is  f u l f i l l e d  by the negative corre la tions between glycogen 
and protein levels in the l iv e r  during the non-breeding season.
Lipid and protein levels
Levels of these two biochemical components are strongly 
negatively related in the carcass (but not in the l iv e r )  during the 
non-breeding season. This is expected because when the f ish  grow there 
is a s h i f t  from protein growth to l ip id  storage associated with 
attainment o f a larger body size (Deegan, 1986). The inverse 
re la tionsh ip  between l ip id  and protein levels in the carcass re f le c t  
the increase in l ip id  stores and a decrease in re la t iv e  protein level 
during the non-breeding season. During the breeding season, the strong 
negative re la tionsh ip  between protein and l ip id  stores in the carcass 
becomes weak in June and disappears in July due to gradual depletion 
of both components.
Energy sources
The re la t ive  degrees o f depletion of the various energy sources 
during the breeding season of the mature male three-spined 
stickleback, suggests tha t energy fo r  reproductive a c t iv i t ie s  comes 
from l iv e r  l ip id ,  l iv e r  glycogen, carcass glycogen, carcass protein 
and carcass l ip id .  Energy reserves are markedly depleted by June, but 
have even lower levels in July (see Table 6 .2).
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The differences in the levels o f depletion of energy reserves 
during the months of June and July may be due to the following 
reasons: a) There may be two d i f fe re n t  categories of males breeding
during these months. Those males which accumulate s u f f ic ie n t  energy 
reserves and are bigger at the begirnng o f the breeding season breed 
active ly  in June and do not breed again. Those males which are smaller 
and with low energy reserves in May, grow up and breed in July and 
th e ir  poor body condition is  re flected in the re la t ive  degrees of 
depletion in Ju ly. A th ird  category of male ex is ts , namely those males 
which f a i l  to reach a s u f f ic ie n t  size in th e i r  f u l l  summer o f l i f e  and 
do not breed at a l l .  These may be the la te  hatched f ry  o f the previous 
season (Ukegbu, 1986).
b) A lte rn a t ive ly ,  those males which breed in June may breed again in 
July thus depleting th e ir  reserves s t i l l  fu r th e r.  The f ish  that breed 
in July have therefore already used more of th e i r  carcass protein than 
those f ish  that breed in June. Carcass protein is  depleted by 15% (on 
wet weight basis) in June but is depleted by 38% in July. Since the
fish  that breed in June deplete th e i r  energy reserves in the l iv e r
(33% of glycogen and 57% of l ip id )  and carcass (56% of glycogen), in 
July they deplete th e ir  carcass protein to meet the additional energy 
expenditure.
Observations in the f ie ld  (during sampling) and in the laboratory
indicate very high m o rta l i ty  in post-spawning males. This suggests
that males breed ju s t  once and therefore favours the f i r s t  
explanation. However, fu r th e r studies should be carried out to c la r i f y  
th is  po int.
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6.5 CONCLUSIONS
4Ke
In the young male sticklebacks protein forntfbulk o f the dryA
matter. An increase in body size is accompanied by a s h i f t  from 
protein to l ip id  accumulation. This is re flected in the strong 
negative re la tionsh ip  between l ip id  and protein concentration in the 
carcass. Glycogen and l ip id  reserves accumulate in a l l  body 
compartments during the non-breeding season. This resu lts  in the 
strong pos it ive  corre la tion  between glycogen and l ip id  stores in the 
l iv e r ,  gonad and carcass. Dramatic changes occur in these 
re la tionships during the breeding season, due to d i f fe re n t degrees of 
depletion. The strong pos it ive  corre la t ion  between glycogen and l ip id  
reserves in the l iv e r  disappears during the breeding season due to 
d rastic  depletion of both reserves. On the other hand the pos it ive  
corre la t ion  between glycogen and l ip id  stores in the carcass disappears 
due to d i f fe re n t ia l  depletion, carcass glycogen having depleted more 
markedly than carcass l ip id .
CHAPTER 7
THE RELATIONSHIPS BETWEEN ENERGY RESERVES, BODY SIZE, 
CONDITION AND GONADAL MATURATION
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CHAPTER 7 THE RELATIONSHIP BETWEEN ENERGY RESERVES , BODY SIZE, 
CONDITION AND GONADAL MATURATION
7.1 INTRODUCTION
Changes in body composition o f f ish  in re la t ion  to growth and
reproduction have been studied by many workers (Love, 1970; Craig,
1977; Wootton et a l . ,  1978; Fernandez and Planas, 1980; Dawson and
Grimm, 1980; G i l l  and Weatherley, 1984; Boetius and Boetius, 1985,
Deegan, 1986). Most o f  t h e i r  observations were described in  the
previous chapter. Work in th is  f i e l d  is  done by de term in ing the
<x
biochemical composition of various body compartments from^wild f ish  
population or f ish  reared under laboratory conditions. The results of 
such studies are related to seasonal changes in body composition and 
reproductive cycles of f is h .
A study on the perch (Perea f l u v i a t i l i s ) describes in de ta il the 
length-weight re la tionsh ip , changes in gonad weight and body condition
CL
o f^pe rch  popu la tion  in Windermere Lake (Le Cren, 1951). Body 
composition in the perch f l  u v ia t i  1 i s ) has been stud ied w ith  
reference to seasonal changes and reproduction (Craig, 1977). The 
seasonal change in l ip id  and glycogen reserves of the d if fe re n t body 
compartments (v iz . l iv e r ,  gonad and carcass) in female three-spined 
sticklebacks from a Welsh upland and a lowland r iv e r  population has 
been re lated to seasonal changes and breeding. The somatic condition 
fac to r, the hepatosomatic index and gonadosomatic index have been 
stud ied in  a d d it io n  to  the o v e ra l l  c o n d it io n  fa c to r  o f the body 
(Wootton et al_., 1978).
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7.1.1 Condition factor
The condition fac to r is  a t ra d i t io n a l way o f estimating the body 
condition in f ish  and is  calculated as a ra t io  between the weight and 
length. The re la tionship  between the weight and length o f f ish  is  
expressed mathematically by the fo llowing equation:
W = a L n
where W is  weight, L is length, a is  a constant and n an exponent. A 
l in e a r  re la t io n s h ip  between weight and length is  given by the 
equation:
log W = log a + n log L
which indicates that a p lo t of the logarithm of weight against the 
logarithm of length y ie lds  a s tra igh t l in e  whose slope is  n which 
usually l i e  between 2.5 and 4.0 fo r  various species o f f is h .  The 
re la t i v e  c o n d it io n  fa c to r  not based on the idea l leng th -w e igh t 
re la tionsh ip  is  calculated from the fo llow ing equation :
W
Kn = ---------------
a L n
The re la t iv e  condition fac to r  is  designated by Kn (Le Cren, 1951). I f  
the f ish  maintains the same shape throughout i t s  growth, then n = 3, 
so the equation can be w rit ten  as fo llows:
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W = a L 3
The le n g th -w e ig h t r e la t io n s h ip  in  th ree-sp ined  s t ic k le b a c k  is  
generally cubic. For stickleback weighing more than 0.1 gm the value 
fo r  n Ycmcj^s-froM2.945 (Pennycuick, 1971) “to  3.01 (Wootton, 1976).
The constant a in the above equation can be used as an ind ica to r of
the condition fac to r o f the f is h  :
W
a = — - -  = condition fac to r.
L 3
This is  known as the condition fac to r based on the cube law thus
distinguished from the re la t iv e  condition fac to r.
Differences in condition fac to r have been used to compare the 
'fa tness ' o f f is h ,  and are based on the hypothesis tha t the heavier
tA--
f ish  of.g iven length are in be tte r condition. The overall condition of
<tr"
two Welsh populations of female three-spined stickleback has been 
measured by the fo llowing equation (Wootton et al_., 1978)
WCF = — - -  X 10 b 
L 3
where W is wet weight in gms, L is  to ta l length in mm and CF is  the 
condition fac to r .  For both populations there is  a decline in the CF in 
autumn and a sharp increase in spring. In both populations the maximum 
condition fac to r occurs early in the breeding season v iz .  May (Wootton 
et a l . ,  1978).
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7.1.2 Somatic condition factor
The e f fe c t  o f the enlargement o f  gonads (p a r t ic u la r ly  in female 
f ish )  and the l i v e r  on the condition fac to r can be seen when the 
somatic condition fac to r (SCF) is  calculated using the fo llowing 
equation:
CW
SCF = ---- - -  X 10 5
L 6
where CW is  the carcass wet weight in gms, and L to ta l length in mm 
(Wootton et al_., 1978).
7.1.3 Hepatosomatic index
There are marked changes in the re la t ive  size and dry matter 
content o f the l iv e r  in the male stickleback during the breeding
season. In Autumn, the l iv e r  forms about 5% dry matter but as the
breeding season approaches both the size and the dry matter content of 
the l i v e r  declines (Immers, 1953). The re la t ive  size o f the l i v e r  is 
measured as the hepatosomatic index (HSI) and is calculated using the 
fo llowing equation:
wet weight of l i v e r
HSI = ----------------------------------------  X 100
to ta l  wet weight of f ish
In f is h  the highest HSI is  usually found in the pre-spawning season
and the lowest during the breeding season. For example, in the female
three-spined stickleback HSI is  highest in spring and drops sharply
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a f te r  the breeding season (Wootton et a l.,1978). The l iv e rs  o f male 
haddock (Melanoqrammus aeglefinus) from the North Sea accumulate l ip id  
p r io r  to breeding and deplete i t  during the breeding season (Campbell 
and Love, 1978). The hepatosomatic index (HSI) and the gonadosomatic 
index (GSI) are c lo s e ly  re la te d  to  each o th e r n e g a t ive ly  in  the 
Blennid f ish  (B1ennius pavo) . During the pre-spawning period when the 
gonad weight r is e s  s te a d i ly ,  HSI d im in ishes because the energy 
required fo r  the gonad growth is made available by energy reserves 
from the l iv e r .  At the end o f the spawning period, when gonad weight 
decreases, HSI begins to r ise  because food uptake offe rs  more energy 
than is  needed (Podroschko et al_., 1985).
7.1.4 Gonadosomatic index
The re la t iv e  size of the gonad is measured as the gonadosomatic
index (GSI) and is  calculated using the fo llow ing equation:
wet weight o f gonad
GSI = ------------------------------------------ X 100
to ta l wet weight o f f ish
The paired testes at th e i r  maximum size account fo r  only about 1.5% of
the to ta l body weight in mature male stickleack (Borg, 1982 a). In
females o f  the Rheidol s t ic k le b a c k  p o p u la t io n ,  the re  is  a slow 
increase in the GSI over the autumn and w inter months but there is a 
rapid increase in the GSI between March and August, with a peak in 
May. This in d ic a te s  th a t  the breeding season o f  the Rheidol 
stickleback population lasts fo r  three to four months. On the other 
hand, in the females o f the Frongoch s t ic k le b a c k  popu la tion  the
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breeding season lasts fo r  only one month (v iz .  May) during which the 
GSI is  high (Wootton et a l . ,  1978).
The aims o f th is  chapter
The resu lts  discussed in the previous chapters (3, 4, 5 and 6) 
ind icate tha t energy reserves are accumulated during the pre-spawning 
period and that there is  a considerable drain on the energy stores 
during the breeding season. In fac t ,  the death of spawned males may be 
a tt r ibu ted  to the large amount of energy depleted from the body fo r  
behavioural A i v i t i e s  associated with breeding (see chapter 6). Data 
collected on body, l iv e r  and gonad size of the male stickleback across 
the year were analysed to investigate the re la tionsh ip  between energy 
reserves, body size, condition fac to r and gonadal maturation.
Therefore the spec if ic  aims of th is  chapter are as fo llows:
a) To f in d  out how body s ize ,  co n d it io n  fa c to r  (CF), somatic 
condition fac to r (SCF), hepatosomatic index (HSI) and gonadosomatic 
index  (GSI) o f  the  male s t i c k le b a c k  va ry  across the  y e a r .
b) A subsidiary aim is  to investigate the re la tionsh ip  between CF, 
HSI, GSI and energy reserves in the male sticklebacks.
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7.2 MATERIAL AND METHODS
Male s t ic k le b a c k  were c o l le c te d  re g u la r ly  as described in  
chapter 2. The methods used to estimate the biochemical components of 
the body compartments are described in chapters 3, 4 and 5.
C ond it ion  fa c to r  (CF) was ca lcu la te d  using the fo l lo w in g  
equation:
WCF = --------  X 10b
L 6
where W is  the to ta l wet weight o f the f ish  in gms. and L is  the 
to ta l length in mm. The length-weight re la tionsh ip  in the three-spined 
stickleback is  generally cubic as described in the previous section of 
th is  chapter (Pennycuick, 1971; Wootton, 1976).
The length-weight re la tionsh ip
A logarithmic p lo t of the relationship between length and weight 
of the male three-spined stickleback from the River Kelvin y ie lds  a
OL
straight l in e  (see Fig 7.1). In the equation log w = log a + n log L 
(where n is  the slope ) the value fo r  n was found to be 3.09. This 
agrees w ith  the e a r l i e r  observa tions where n mnges.JJW&m 2.945 
(Pennycuik, 1971) 4# 3.01 ( Woott^on, 1976). Hence the equation can
be w r i t te n  as W = a and the constant a can be used as an 
ind ica tor of the condition fac to r  o f the body in the present context 
fo r  the male stickleback.
197
The somatic c o n d it io n  fa c to r  (SCF) was c a lcu la te d  using the 
fo llow ing equation:
CW
SCF = - - - - -  X 105 
L J
where CW is  the wet weight o f carcass in gms and L is  the to ta l length 
in mm. The hepatosomatic index was calculated using the equation:
wet weight of l i v e r  (gms)
HSI    X 100
to ta l  wet weight o f f ish  (gms)
The gonadosomatic index was calculated using the equation:
wet weight o f gonad (gms)
GSI = ---------------------------------------------------  X 100
to ta l  wet weight o f f ish  (gms)
These equations were adopted from Wootton et a l ..(1978).
198
FIGURE 7.1 Logarithmic p lo t o f the re la t ionsh ip  between weight 
and length of male three-spined stickleback 
from the River Kelvin 
Y = loge (weight); X = loge (length)
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7.4 DATA ANALYSIS
The data were checked fo r  normal d is t r ib u t io n  and logarithm ica lly  
transformed when necessary. Oneway analysis o f variance (ANOVA) was 
used to check fo r  a seasonal va r ia t ion  in length, weight, CF, SCF, HSI 
and GSI. In order to investigate the re la tionsh ip  between CF, HSI, 
GSI and energy reserves, stepwise m ult ip le  regression analyses were 
done. Product-moment corre la t ion  coe ff ic ien ts  were calculated between 
condition fac to r,  somatic condition fac to r, hepatosomatic index and 
gonadosomatic index to investigate the re la tionsh ip  between them 
during the non-breeding season and the breeding season. Condition 
fac to r,  hepatosomatic index and gonadosomatic index were regressed on 
a l l  the independent variables (v iz . energy sources in d i f fe re n t  body 
compartments) using stepwise m u lt ip le  regression analysis.
Changes in mean length of the male stickleback over a period of 
one year are shown in Fig 7.2 and changes in mean wet weight are shown 
in Fig 7.3. The annual va r ia tion  in condition fac to r is  shown in Fig
7.4 and the annual varia tion  in somatic condition fac to r is  shown in 
Fig 7.5. The annual changes in hepatosomatic and gonadosomatic indices 
of the male stickleback are shown in Figs. 7.6 and 7.7.
Table 7.1 summarizes the results  of oneway analysis o f variance 
(ANOVA). Tables 7.2 7.3 and 7.4 summarize the results o f stepwise 
m u lt ip le  regression analyses o f condition fac to r,  hepatosomatic index, 
gonadosomatic index (dependent variables) against energy sources in 
d i f fe re n t  body compartments (independent variab les). Table 7.4 A to C
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TABLE 7.1 ONEWAY ANALYSIS OF VARIANCE BY MONTH
VARIABLE SOURCE D .F . SUM OF 
SQUARES
MEAN OF F F
SQUARES RATIO PROBABILITY
LENGTH Between 11 0 .1307
groups
W ith in  271 0 .6324
groups
0 .0119  5 .0920 0 .000
0 .0023
WEIGHT Between 11 1 .8341
groups
W ith in  271 6 .4976
groups
0 .1667  6 .9540  0 .00 0
0.0240
C F Between 11 1 .3578
groups
W ith in  271 5 .1394
groups
123432 6 .5086  0 .000
189645
S C F  Between 11 1 .5956
groups
W ith in  271 5 .4571
145050 7 .2032  0 .00 0
20137
H S I
G S I
Between
groups
W ith in
groups
Between
groups
groups
11 0 .1298
271 0 .81 32
11
271
0 .1276
0 .6024
0 .0118  5 .8936  0 .000
0.0030
0 .0116  5 .0821  0 .000
0.0022  —
CF = C o n d itio n  fa c to r  SCF = Som atic c o n d it io n  fa c to r
HSI = Hepatosom atic index GSI = Gonadosomatic index
2 01
shows product-moment corre la tions between condition fac to r, somatic 
condition fac to r, hepatosomatic index and gonadosomatic index.
7.4 RESULTS
7.4.1 Annual changes
The samples collected fo r  energy reserve estimations excluded the 
young o f the year which were less than 30 mm in to ta l length, as they 
could not be sexed w ith o u t h is to lo g ic a l  ana lys is  and the delay 
involved in these analyses could have resulted in glycogen breakdown 
p r io r  to biochemical assays. Data collected from samples were analysed 
to f ind  out how body size, condition fac to r, somatic condition fac to r, 
hepatosomatic index and gonadosomatic index of the male stickleback 
vary across the year.
Length
Fewve<*41y hatched young f ish  (which were about 30 mm in to ta l 
length) were encountered in July, but such f ish  were collected in 
s u f f i c ie n t  numbers fo r  an a lys is  from August onwards, when they 
measured 31 mm in length. Figure 7.2 shows the changes in mean length 
over a period  o f  twelve months. A f te r  an i n i t i a l  period o f slow 
growth, in  October the re  was a sharp increase in length and the 
average length was 35 mm. The rate of increase in length slowed down 
during the w inter months. Low growth in w inter may be due to e ithe r 
lack o f food, or low rates of food consumption due to low w inter 
temperatures. From January to March there was a steady increase in 
length followed by another rapid increase from May to July. The adult
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FIGURE 7.2 ANNUAL CHANGES IN MEAN LENGTH 
Mean and 95% confidence in te rva ls  of length (mm) 
(The months are arranged on the X-axis to depict 
the complete l i f e  cycle o f the male three-spined 
stickleback from the River Kelvin)
Y = young of the year 
A = non-breeder adult
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FIGURE 7.3 ANNUAL CHANGES IN MEAN WEIGHT
Mean and 95% confidence in te rva ls  o f weight (gms) 
(The months are arranged on the X-axis to  depict 
the complete l i f e  cycle o f the male three-spined 
stickleback from the River Kelvin)
Y = young of the year 
A = non-breeder adult
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f ish  measured 44 mm in July. The greater average length o f  the f ish  
collected in June and July compared to those collected in May is  not 
the re su lt  o f a growth spurt in male sticklebacks. Instead i t  is  an 
a rte fac t o f the co llec t ion  procedure in June and July, when the sample 
was de libe ra te ly  bias/ed towards breeding male sticklebacks which are 
re la t iv e ly  larger.
Samples collected between August and December consisted^fish of 
two d i f fe re n t  age categories (v iz .  the hatched young o f the year
and adult f ish  which probably hatched from the la te r  broods in the 
previous year). Such males measured about 38.8 mm in August and 42.6 
mm in December a f te r  which no fu r th e r f ish  of th is  age class uiere 
encountered in the sample.
Weight
Figure 7.3 shows a p lo t o f mean wet weight against months fo r  the 
male three-spined stickleback. In July the rsaaitilj hatched f ish  (o f 30 
mm length) weighed about 0.30 gms. Weight increased s l ig h t ly  between 
August and September but in October the mean weight of the young of 
the year increased sharply to 0.588 gms. Increase in weight slowed 
down during the w inter months but from January onwards there was a 
steady increase in weight other than from February toH arch . In June 
and July the adult f ish  weighed 1.10 gms and 1.16 gms respectively.
Adult f ish  collected in August (along with the young of the year) 
weighed about 0.68 gms. Their weight increased during the Autumn but 
slowed down in December. Such f ish  did not survive beyond th e ir  second 
w inter.
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FIGURE 7.4 ANNUAL CHANGES IN CONDITION FACTOR
Mean and 95% confidence in te rva ls  o f condition
fac to r  in young of the year
(The months are arranged on the X-axis to  depict 
the complete l i f e  cycle o f the male three-spined 
stickleback from the River Kelvin)
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Condition factor
Figure 7.4 shows the annual changes in the mean condition fac to r 
o f the body of the male three-spined stickleback. There were marked 
varia tions in condition fac to r across the months o f the year. In 
August, the young o f the year had a low co n d it io n  fa c to r  which 
increased sharply in October. Condition fac to r declined during the 
w inter months but was followed by a sharp increase in early spring 
coinciding with increased body size. There was another decline between 
February and March (coinciding with a decrease in body weight). The 
maximum condition fac to r occurred in May, early in the breeding season 
a f te r  which there was a decline in body condition.
Somatic condition fac to r
Figure 7.5 shows the annual changes in the mean somatic condition 
fac to r o f the male three-spined stickleback. The e ffec t of gonad 
development and increase in the size of the l iv e r  can be seen when the 
somatic condition fac to r is examined. The overall pattern of the 
annual changes in somatic condition fac to r was s im ila r to that of 
condition fac to r of the body apart from the fac t tha t any spring 
recovery was much less pronounced fo r  the somatic condition fac to r 
than fo r  the condition fac to r. This difference was most marked in the 
month o f May, when condition fac to r  was at i t s  maximum due to the 
e ffec t o f the enlarged l iv e r  and gonad. The maximum somatic condition 
fac to r occurred in February.
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FIGURE 7.5 ANNUAL CHANGES IN SOMATIC CONDITION FACTOR 
Mean and 95% confidence in te rva ls  o f somatic 
condition fac to r in young o f the year 
(The months are arranged on the X-axis to  depict 
the complete l i f e  cycle o f the male three-spined 
stickleback from the River Kelvin)
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FIGURE 7.6 ANNUAL CHANGES IN HEPATOSOMATIC INDEX
Mean and 95% confidence in te rva ls  of hepatosomatic
index in young o f the year
(The months are arranged on the X-axis to depict 
the complete l i f e  cycle o f the male three-spined 
stickleback from the River Kelvin)
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Hepatosomatic index (HSI)
The hepatosomatic index re f le c ts  the re la t iv e  size o f the l iv e r .  
Figure 7.6 shows a p lo t of the mean hepatosomatic index against the 
months o f the year. In the young o f the year, there was a s l ig h t  
increase in the hepatosomatic index u n t i l  October; th is  was followed 
by a drop during the w inter. With the onset of the spring, the HSI 
increased sharply and reached a peak in May, followed by a drop during 
the breeding season.
Gonadosomatic index (GSI)
Figure 7.7 shows the annual changes in the mean gonadosomatic 
index of the male three-spined stickleback. From August to February 
there was slow increase in the gonadosomatic index. This period of 
slow increase over the autumn and w inter months was followed by a 
period o f rap id  increase in the gonadosomatic index from March 
onwards. The maximum GSI was reached in May which was followed by a 
decline.
7.4.2 Condition fac tor and energy reserves
To examine whether the condition fac to r is  useful as an index o f 
energy reserves and to investigate the re la tionsh ip  between CF and 
energy s tores in the d i f f e r e n t  body compartments o f  the male 
stick leback, stepwise m u lt ip le  regression analysis was done (see 
Table 7 .1 ) .  C ondition fa c to r  (dependent v a r ia b le )  was regressed 
against energy sources in the d i f fe re n t  body compartments. The results 
summarized in Table 7.2 show th a t  w h ile  some o f the biochemical
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FIGURE 7.7 ANNUAL CHANGES IN GONADOSOMATIC INDEX
Mean and 95% confidence in te rva ls  o f gonadosomatic
index in young o f the year
(The months are arranged on the X-axis to  depict 
the complete l i f e  cycle o f the male three-spined 
stickleback from the River Kelvin)
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TABLE 7.2 Summary of stepwise multiple regression analysis of
condition factor (dependent variable) against 9 independent
variables. According to linear model
Y = BX + C
where Y is  the dependent variable which is  logarithm ica lly
transformed
R = The m u lt ip le  corre la t ion  c o e f f ic ie n t ,  is  given along with the 
standard e rro r of the estimate (S.E) which measures the closeness 
with which the predicted value agree with the observed values.
R ^ = Coeff ic ien t of m u lt ip le  determination which indicates the
proportion of variance in the dependent variable accounted fo r  by 
the independent variables.
Abbreviations : LIVPRO = l i v e r  p ro te in , CARPRO = carcass protein,
LIVLIP = Liver l i p id ,  LIVGLY = l i v e r  glycogen, 
CARLIP = carcass l i p id ,  CARGLY = carcass
glycogen, GONGLY = gonad glycogen, GONPRO = gonad 
prote in , GONLIP = gonad l ip id  
P = level of s ign if icance 
B = c o e ff ic ie n t in the equation
7.2 A = Summary o f stepwise m u lt ip le  regression analysis of
condition fac to r
7.2 B = Variables in the equation
7.2 C = Variables not in the equation
Table 7.2 Summary of stepwise multiple regression analysis 
of condition factor
A.
STEP 1 STEP 2 STEP 3 STEP 4 STEP 5
VARIABLES CARLIP CARLIP
LIVPRO
CARLIP
LIVPRO
CARPRO
CARLIP
LIVPRO
CARPRO
LIVLIP
CARLIP
LIVPRO
CARPRO
LIVLIP
CARLIP
R 0 . 2 2 3 2 1 0 . 2 7 5 7 1 0 . 3 3 2 9 4 0 . 3 7 4 5 0 0 . 3 7 3 0 3
S.E. 0 . 0 7 6 2 5 0 . 0 7 5 3 3 0 . 0 7 4 0 3 0 . 0 7 2 9 2 0 . 0 7 2 8 4
R 2 0 . 0 4 9 8 2 0 . 0 7 6 0 2 0.1 1 0 8 5 0 . 1 4 0 2 5 0 . 1 3 9 1 5
ANOVA F = 14.733 P < 0.001
F = 11.518 
P< 0.001
F = 11.594 
P < 0.001
F = 11.337 
P < 0.001
F = 15.033 
P < 0.001
R2 = 0.13915 ie. 13.91% of variance in condition factor is explained
by multiple regression equation
2 1 2
7.2B VARIABLES IN THE EQUATION
VARIABLE B T P
LIVPRO 2 . 8 3 6 3 0 - 0 4 4 . 3 7 0 < 0.001
CARPRO - 3. 1  5 6 3 0 - 0 4 - 5 . 5 3 1 < 0.001
LIVLIP 2 . 5 9 3 8 7 - 0 4 3 . 7 8 5 < 0.001
(constan t) 1.1 4 5 0 7 2 8 . 2 4 5 < 0.001
PREDICTION EQUATION 
CF = (0.000284 x LIVPRO) - (0.000316 x CARPRO) +
(0.000259 X LIVLIP) + 1.14507
7. 2C VARIABLES NOT IN THE EQUATION
VARIABLE B T P
LIVGLY 0 . 1 0 7 1  1 6 1 . 3 3 0 0 . 1 8 4
CARLIP 0 . 0 4 2 0 1 1 0 . 5 9 6 0 . 5 5 1
CARGLY - 0 . 0 5 8 9 2 3 - 0 . 7 3 3 0 . 4 6 4
GONGLY 0 . 0 5 3 5 8 4 0 . 8 3 2 0 . 4 0 6
GONLIP 0 . 0 3 9 1 7 7 0 . 5 8 1 0 . 5 6 2
GONPRO - 0 . 0 3 4 5 0 0 - 0 . 4 8 8 0 . 6 2 6
2 1 3
components (v iz .  l i v e r  prote in , carcass protein and l i v e r  l ip id )  do 
re la te  s ig n if ic a n t ly  to condition fac to r, together they account only 
fo r  13.91% o f to ta l variance in condition fac to r. This suggests tha t 
condition fa c to r  is not a re l ia b le  index o f energy reserves in the 
body of the male stickleback.
7.4.3 Hepatosomatic index and energy reserves
In order to check whether hepatosomatic index is a va lid  measure 
of energy reserves in the male three-spined stickleback, a stepwise 
m u lt ip le  regression analysis was carried out. HSI was the dependent
< X
var ib le  regressed against 9 independent (biochemical) variables. The
A
resu lts  (see Table 7.3) show that the most important single predictor 
of HSI is l i v e r  glycogen which accounts fo r  25.63% of to ta l variance 
in hepatosomatic index. Liver l ip id  accounts fo r  only 2.07% of to ta l 
variance in HSI. A c lus te r o f other variables (v iz . carcass glycogen, 
carcass prote in , carcass l ip id  and gonad protein) re la te  negatively to 
hepatosomatic index. Together these variables account fo r  41.15% of 
t o ta l  var iance in  hepatosomatic index. This in d ica te s  th a t  
hepatosomatic index is a good measure o f mobilisable l i v e r  energy 
reserves in the male stickleback.
214
TABLE 7.3 Summary of stepwise multiple regression analysis of
hepatosomatic index (dependent variable) against 9 independent
variables. According to linear model
Y = BX + C
where Y is  the dependent variable which is logarithm ica lly
transformed
R = The m u lt ip le  corre la t ion  c o e f f ic ie n t ,  is given along with the 
standard e rro r of the estimate (S.E) which measures the closeness 
with which the predicted value agree with the observed values.
p
R = Coeff ic ien t of m u lt ip le  determination which indicates the 
proportion of variance in the dependent variable accounted fo r  by 
the independent variables.
Abbreviations : LIVPRO = l iv e r  p rote in , CARPRO = carcass prote in ,
LIVLIP = L iver l ip id ,  LIVGLY = l i v e r  glycogen, 
CARLIP = carcass l i p id ,  CARGLY = carcass
glycogen, GONGLY = gonad glycogen, GONPRO = gonad 
prote in , GONLIP = gonad l ip id  
P = level of s ign if icance 
B = co e f f ic ie n t  in the equation
7.3 A = Summary of stepwise m u lt ip le  regression analysis of
hepatosomatic index
7.3 B = Variables in the equation
7.4 C = Variables not in the equation
7.3 A
STEP 1 STEP 2 STEP 3 STEP 4 STEP 5 STEP 6
VARIABLES LIVGLY LIVGLY LIVGLY LIVGLY LIVGLY LIVGLY
CARGLY CARGLY CARGLY CARGLY CARGLY
CARLIP CARLIP
GONPRO
CARLIP
GONPRO
CARPRO
CARLIP
GONPRO
CARPRO
LIVLIP
R 0 . 5 0 6 2 8 0 . 5 8 3 3 3 0 . 6 0 2 5 8 0 . 6 2 5 1 5 0 . 6 3 4 6 3 0 . 6 4 1 4 9
S.E. 0 . 1 2 5 6 4 0 . 1 1 8 5 5 0.1 1 6 6 8 0.1 1 4 3 2 0.1 134 0 0.1 1 27 7
R2 0 . 2 5 6 3 2 0 . 3 4 0 2 7 0 . 3 6 3 1  1 0 . 3 9 0 8 1 0 . 4 0 2 7 5 0 . 4 1 1 5 1
ANOVA
F = 9 6 . 8 5 0  
P < 0.001
F = 7 2 . 2 0 9  
P < 0.001
F=5 3 . 0 2 1  
P < 0.001
F = 4 4 . 5 8 5  
P < 0.001
F = 3 7 . 3 5 8  
P < 0.001
F = 32.1 66 
P < 0.001
R  2 = 0.41151 IE 41.15% VARIANCE IN HEPATOSOMATIC INDEX 
IS EXPLAINED BY MULTIPLE REGRESSION EQUATION.
21 5
Table 7.3 Summary of stepwise multiple regression analysis of
hepatosomatic index
B. VARIABLES IN THE EQUATION
VARIABLE B T P
LIVGLY 7 . 4 3 3 1 9 - 0 4 9 . 0 6 7 < 0.001
CARGLY - 0 . 0 0 6 4 1 5 - 3 . 5 0 8 < 0.001
CARLIP - 0 . 0 0 1  1 3 3 - 5 . 3 6 0 < 0.001
GONPRO - 3 . 0 9 4 5 0 - 0 4 - 2 . 7 6 8 < 0.006
CARPRO - 2 . 8 4 8 8 9 - 0 4 - 2 . 7 0 4 < 0.007
LIVLIP 3 . 3 9 1 1 8 - 0 4 2 . 0 2 7 < 0.043
(C o n s ta n t ) 0 . 7 0 8 6 4 3 8 . 9 5 6 < 0.001
PREDICTION EQUATION 
HSI = (0.000743 x LIVGLY) - (0.00642 x CARGLY) -
(0.00113 x CARLIP) - (0.0003 x GONPRO) - 
(0.000285 x CARPRO) + (0.000339 x LIVLIP) + 0.7086
C .  VARIABLES NOT IN THE EQUATION
VARIABLE B T P
LIVPRO
GONGLY
GONLIP
0 . 0 2 2 5 0 6  
0 . 0 4 5 0 0 7  
0.1 7 7 6 1  3
0 . 3 9 1  
0 . 5 4 6  
1 . 9 0 0
0 . 6 9 6
0 . 5 8 5
0 . 0 5 8
21 6
7.4.4 Gonadosomatic index and energy reserves
A stepwise m u lt ip le  regression analysis was done in order to to
examine how gonadosomatic index relates to energy reserves (see Table
7.4 ). Results show tha t the most important predictor is gonad glycogen
which forms 33.65% of to ta l variance in GSI. Carcass glycogen and
gonad protein account fo r  1.7% and 1.1% respectively o f to ta l variance
in GSI. A c lus te r of variables (v iz . gonad l ip id ,  l iv e r  l ip id  and
l iv e r  prote in) re la te  negatively to gonadosomatic index. Together 
a_
these varib les account fo r  43% of to ta l variance in gonadosomatic
A
index. This indicates tha t GSI is a reasonably good index of energy 
reserves in the gonad.
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TABLE 7.4 Summary of stepwise multiple regression analysis of
gonadosomatic index (dependent variable) against 9 independent
variables. According to linear model
Y = BX + C
where Y is the dependent variable which is  logarithm ica lly
transformed
R = The m u lt ip le  corre la t ion  c o e f f ic ie n t ,  is  given along with the 
standard e rro r o f the estimate (S.E) which measures the closeness 
with which the predicted value agree with the observed values.
O
R = Coeffic ien t of m u lt ip le  determination which indicates the 
proportion of variance in the dependent variable accounted fo r  by 
the independent variables.
Abbreviations : LIVPRO = l iv e r  p ro te in , CARPRO = carcass prote in,
LIVLIP = Liver l i p id ,  LIVGLY = l i v e r  glycogen, 
CARLIP = carcass l i p id ,  CARGLY = carcass
glycogen, GONGLY = gonad glycogen, GONPRO = gonad 
prote in , GONLIP = gonad l ip id  
P = level of s ign if icance 
B = c o e ff ic ie n t in the equation
7.4 A = Summary o f stepwise m u lt ip le  regression analysis of
gonadosomatic index
7.4 B = Variables in the equation
7.4 C = Variables not in the equation
Table 7.4 Summary of stepwise multiple regression analysis of
gonadosomatic indexA.
STEP 1 STEP 2 STEP 3 STEP4 STEP 5 STEP 6
VARIABLE GONGLY GONGLY GONGLY GONGLY GONGLY GONGLY
CARGLY CARGLY CARGLY CARGLY CARGLY
GONLIP GONLIP
LIVLIP
GONLIP
LIVLIP
LIVPRO
GONLIP
LIVLIP
LIVPRO
GONPRO
R 0 . 5 8 0 1 3 0 . 59471 0 . 6 2 0 0 7 0 . 6 3 5 9 8 0 . 64711 0 . 6 5 5 4 6
S.E. 0.1 6698 0 . 1 6 5 1 0 0 . 16141 0.1 5905 0.1 5742 0.1 5622
R 2 0 . 3 3 6 5 5 0 . 3 5 3 6 8 0 . 3 8 4 4 9 0 . 4 0 4 4 7 0 . 4 1 8 7 5 0 . 42 9 6 2
ANOVA
F = 1 42.54:  
P < 0.001
F = 7 6 . 6 1 1 
P < 0.001
F = 58.094  
P < 0.001
F = 47.202  
P < 0.001
F = 3 9.91 1 
P < 0.001
F=34.648  
P < 0.001
R2 = 0.42962 ie 42.96% VARIANCEIN IN GONADOSOMATIC INDEX 
IS EXPLAINED BY MULTIPLE REGRESSION EQUATION.
2 1 8
7.4 B VARIABLES IN THE EQUATION
VARIABLE B T P
GONGLY 0 . 0 1 1 1 3 5 6 . 9 2 2 < 0.001
CARGLY 0 . 0 1 4 4 1 4 5 . 3 8 3 < 0.001
GONLIP - 0 . 0 0 8 1 2 7 - 3 . 7 9 5 < 0.001
LIVLIP - 6 . 7 6 0 7 7 - 0 4 - 3 . 2 5 6 < 0.001
LIVPRO - 5 . 1 5 1 4 4 - 0 4 - 3 . 4 2 3 < 0.001
GONPRO 3 . 5 3 3 9 6 - 0 4 2 . 2 9 4 0 . 0 2 2
(constan t) - 0 . 1  2 5 2 1  3 - 1 . 5 4 9 0 . 1 2 2
PREDICTION EQUATION 
GSI= (0 .011135xGONGLY) + (0.014414xCARGLY) - (0.008127xGONLIP)
- (0.000676xLIVLIP) - (0.000515xLIVPRO) + (0.000353xGONPRO)
- ( 0 . 1 2 5 2 1 3 )
7.4C VARIABLES NOT IN THE EQUATION
VARIABLE B T P
LIVGLY
CARPRO
CARLIP
0 . 0 3 4 7 5 6
- 0 . 0 0 8 4 2 6
- 0 . 0 4 2 8 1 4
0 . 3 5 2
- 0 . 1 4 4
- 0 . 7 8 0
0 . 7 2 5 3
0 . 8 8 5 3
0 . 4 3 5 8
2 19
Relationship between condition fac to r, somatic condition fac to r, 
hepatosomatic index and gonadosomatic index
In o rder to  in v e s t ig a te  the re la t io n s h ip  between co n d it io n  
f a c t o r ,  som atic  c o n d i t io n  f a c t o r ,  hepa tosom a tic  index and 
gonadosomatic index, product-moment corre la t ion  coe ff ic ien ts  were 
calculated. Table 7.4 A to C show corre lations between CF, SCF, HSI 
and GSI during the non-breeding season (v iz . August-May) and the 
breeding season (June and Ju ly ).
During the non-breeding season
The re la tionsh ip  between hepatosomatic index and gonadosomatic 
index was strongly pos it ive  (h ighly s ig n if ic a n t ly  so) ind icating that 
gonad development was most pronounced in sticklebacks with good energy 
reserves. There was a lso a strong p o s i t iv e  c o r re la t io n  between 
condition fac to r of the body and somatic condition fac to r (highly 
s ig n if ic a n t ly  so). There was no re la tionship  between condition fac tor 
and gonadosomatic index. S im ila r ly  there was no re la tionship between 
somatic c o n d it io n  fa c to r  and gonadosomatic index. There was no 
re la t insh ip  between somatic condition fac to r and hepatosomatic index, 
or between condition fac to r and hepatosomatic index.
During the breeding season
The strongly pos it ive  re la tionsh ip  between hepatosomatic and 
gonadosomatic indices that existed during the non-breeding season 
gradually disappeared during the breeding season. In June there was a 
non-s ign if ican t, weak pos it ive  corre la t ion  between HSI and GSI and by
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July the re la tionsh ip  between HSI and GSI was weakly negative (but not 
s ig n i f ic a n t ly  so). The size o f the l i v e r  declined during the breeding 
season the de c lin e  being most marked in  those f i s h  w ith  high 
gonadosomatic index. This decline pa ra l le ls  the severe depletion o f 
energy reserves in the l iv e r  (see chapters 3 and 4) and presumably 
occurs because of the energetic drain fo r  behavioural a c t iv i t ie s  
during the breeding season. The strong pos it ive  re la tionsh ip  which 
existed between condition fac to r  of the body and somatic condition 
fac to r during the non-breeding season persisted in June and July. This 
supports the view that the overall pattern o f the annual changes in 
somatic condition fac to r is s im ila r  to tha t o f condition fac to r (see 
section 7.4 .1).
oThere were no s ig n if ic a n t c o r re la te s  between e ith e r condition 
fac to r or somatic condition fac to r  and gonadosomatic and hepatosomatic 
indices. In June, the negative re la tionsh ip  between somatic condition 
fac to r and gonadosomatic index approached s ign if icance suggesting the 
p o s s ib i l i t y  o f  a t r a d e - o f f  between gonad developm ent and body 
condition.
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TABLE 7.5 A Correlation coeffic ients  and levels of
significance between CF, SCF, HSI and GSI during
the non-breeding season (August to May)
Abbreviations:
R = Product-moment co rre la t ion  co e f f ic ie n t  
P = Levels of s ign if icance 
* **  = P <0.001 
**  = P <0.01 
* = P <0.05 
+ = P <0.1
NS = Non-significant 
N = 241 (Number o f samples)
CF = condtion fac to r 
SCF = somatic condition fac to r 
HSI = hepatosomatic index 
GSI = gonadosomatic index
Table 7.5 A Correlations between CF, SCF, HSI and GSI (August -  May)
CF SCF HSI GSI
R = 0.710 : R = 0.016 R = 0.017 :
p = ***  : P = NS P = NS :
s R = 0.052 R = 0.062 :
: P = NS P = NS :
R = 0.709 :
p _  ***  .
N = 241
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TABLE 7.5 B-C Correlation co e ff ic ie n ts  and levels o 
s ign if icance between CF, SCF, HSI and GSI 
B = during the breeding season (month o f June)
C = during the breeding season (month o f July)
Abbreviations:
R = Product-moment co rre la t ion  c o e f f ic ie n t  
P = Levels o f s ign if icance 
* * *  = P <0.001 
**  = P <0.01 
* = P <0.05 
+ = P <0.1
NS = Non-significant 
N = Number o f samples 
CF = condtion fac to r 
SCF = somatic condition fac to r  
HSI = hepatosomatic index 
GSI = gonadosomatic index
Table 7.5 B (June)
CF SCF HSI GSI
R = 0.970 R =-0.011 R =-0.277
p _  * * * P = NS P = NS
R =-0.068 R =-0.366 :
P = NS P = + :
N = 22
N = 18
R = 0.204 
P = NS
HSI
Table 7.5 C (July)
CF SCF HSI GSI
R = 0.828 R =-0.054 R =-0.029 :
p = * * * P = NS P = NS :
R =-0.277 R =-0.096 :
P = NS P = NS :
R =-0.245 :
P = NS :
GSI
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7.5 DISCUSSION
One of the aims o f th is  study was to f ind  out how body size of 
the male sticklebacks varies across the year. In natural populations 
the stickleback can a tta in  a length o f about 17 mm w ith in  t h i r t y  days 
of hatching (Mullem, 1967). In the River Kelvin, recruitment of young 
stickleback measuring 15 mm and above was observed in small numbers 
from June onwards. Young f i s h  s ized 30 mm were present in small 
numbers in July and August samples. The e a r l ie r  broods of young f ish  
grew fas t in th e ir  f i r s t  months of l i f e  but th e ir  growth was checked 
during the w inter months. Some f ish  in the present study measured 
about 42 mm in length and weighed ju s t  under a gram when they were ten 
months old, but at the same time there were some small f ish  which 
measured only 32 mm in length and weighed 0.396 gms. The possible 
explanation fo r  th is  d isp a r ity  in size is that those f ish  which were 
hatched towards the end of the season did not have an abundant food 
supply unlike those hatched e a r l ie r  in the breeding season.
At the end of th e ir  f i r s t  year of l i f e  the adult male f ish  had a 
mean length o f 44 mm and weighed about 1.16 gms. The sticklebacks of 
the River Kelvin therefore had a growth rate comparable to that of 
sticklebacks l iv in g  in Bere stream in Southern England ( Mann, 1971). 
Those f ish  which had reached sexual maturity and had s u f f ic ie n t  energy 
reserves bred when they were about a year old. Most adult males died 
at the end of the breeding season due to heavy depletion o f energy 
reserves and hence had a maximum l i f e  span of a year. On the other 
hand, those males that were small in April (probably hatched from the
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la te r  broods in the previous year) did not a tta in  sexual maturity. 
Such males fa i le d  to breed in th e i r  f i r s t  year and only survived u n t i l  
th e i r  second winter and perished the rea fte r. These observations are in 
agreement with a study o f the age structure o f Scottish stickleback 
po pu la t ions  based on length frequency hi stogrampfes and o t o l i t h  
analysis (Ukegbu, 1986).
The condition fac to r of the body showed marked varia tions across
<x
the months of the year. Young of the year hadJow condition fac to r in 
the month of August. The high rate of size increase during early 
Autumn and a check in size increase during the w inter months were 
para lle led by the condition fac to r o f the body. Stepwise m u lt ip le  
regression analysis suggests tha t condition fac to r is  not a good index
of energy reserves in the body. The annual changes in the somatic
condition fac to r of the body closely followed the pattern of the 
condition fac to r apart from the fac t that i t  indicated to some extent 
the increase in the size of the l iv e r  and gonad p a r t ic u la r ly  at the
beginning of the breeding season.
In the young f ish  the l iv e r  formed about 2% of body weight but as 
the breeding season approached i t  formed about 5% of body weight. The 
re la t iv e  size o f the l i v e r  declined during the spawning season. The 
changes in the re la t iv e  size of the l iv e r  paralled the changes in 
energy reserves (see chapter 3 and 4). Stepwise m u lt ip le  regression 
analysis indicates that hepatosomatic index is a good measure o f l iv e r  
energy reserves. Together l i v e r  glycogen and l iv e r  l ip id  account fo r  
28 % of to ta l variance in hepatosomatic index.
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The paired testes o f the male stickleback account fo r  about 1.5% 
to  2% o f the to ta l body weight when they were at th e i r  maximum size. 
The gonadosomatic index c le a r ly  re flects the development o f the testes 
in the stickleback. Stepwise m u lt ip le  regression analysis suggests 
tha t the most important pred ic to r o f gonadosomatic index is gonad
glycogen which forms about 34% of to ta l variance in GSI.
The re la tionsh ip  between hepatosomatic index and gonadosomatic 
index was strongly pos it ive  during the non-breeding season but th is  
disappeared during the breeding season. Thus up to the breeding season 
males w ith  h igher energy reserves had r e la t i v e l y  well developed 
gonads. However, during the breeding season f ish  with the highest 
gonadosomatic index were those that bred most ac t ive ly  and therefore 
experienced the greatest depletion in energy reserves.
7.6 CONCLUSIONS
Work described in t h is  chapter gives in fo rm a tion  on how the
condition fac to r, somatic condtion fac to r, hepatosomatic index and
gonadosomatic index vary across the year in r e la t io n  to  energy 
reserves in male sticklebacks from the River Kelvin. The condition 
fa c to r  and somatic c o n d it io n  fa c to r  were s t ro n g ly  p o s i t iv e ly  
correlated throughout the year, ind ica ting that the overall pattern of 
changes in somatic c o n d it io n  fa c to r  is  very s im i la r  to  th a t  o f  
condition fac to r. The re la tionsh ip  between hepatosomatic index and
gonadosomatic index is  s t ro n g ly  p o s i t iv e  from August to  May, 
ind ica ting that gonad development is prominant in male sticklebacks
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with goodL energy reserves. This re la tionsh ip  disappeared during the 
breeding season, as the size o f the l i v e r  declined and th is  was most 
marked in those f ish  with with high gonadosomatic index. Stepwise 
m u lt ip le  regression analyses suggest tha t condition fac to r is  not a 
re l ia b le  index of energy reserves o f the body in the male stickleback. 
On the other hand, hepatosomatic index is  a good measure o f l iv e r  
energy reserves and gonadosomatic index is a reasonably good index of 
energy reserves in the gonad.
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CHAPTER 8
REPRODUCTIVE AGGRESSION AND ENERGY RESERVES
228
CHAPTER 8 REPRODUCTIVE AGGRESSION AND ENERGY RESERVES
8.1 INTRODUCTION
8.1.1 Factors influencing decisions during animal disputes
When animals compete with one another the costs and benefits o f 
adopting a p a r t ic u la r  pattern of behaviour depend on what other 
ind iv idua ls  in the population do. The techniques of game theory have 
been used to investigate the evolutionary consequences of th is  fac t 
(Maynard Smith, 1982a; Krebs and Davies, 1984; Huntingford and Turner, 
1987). This approach trea ts  evolution as a game in which the players 
adopt d i f fe re n t  patterns of behaviour (or strategies) and works out 
how the frequencies of d i f fe re n t  strategies w i l l  change from one 
genera tion  to  the next. In p a r t i c u la r ,  such analyses attempt to  
id e n t i f y Ae vo lu t io n a r i ly  stable strategy (ESS). A strategy is  an ESS 
i f ,  when adopted by most members of a population, i t  cannot be invaded 
by any rare a lte rna tive  strategy in the game.
Game theory has been used extensively in the study o f agonistic 
behaviour, where i t  represents a source of c lear predictions about how 
animals should behave. One c lass o f  model in v e s t ig a te s  the 
consequences of asymmetries between contestants both in th e i r  re la t ive  
f ig h t in g  a b i l i t y  and in the value of disputed resource. A number of 
ins ights have emerged:
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1) Where the re  is  a d i f fe re n c e  in  the f ig h t in g  a b i l i t y  o f  the 
animals (usually s ize -re la te d ),  decisions about whether or not to 
engage in a contest should be based on th is  asymmetry.
2) Where contestants are evenly matched, escalation o f contests is 
more l i k e ly  to occur.
3) The greater the value o f the disputed resource, the more animals 
should invest in contesting i t  and where one animal stands to gain 
more by winning i t  should f ig h t  more f ie rc e ly  than i t s  opponent.
A number o f  em p ir ica l s tud ies  have demonstrated th a t  these 
p re d ic / t  ions are met. Thus, larger individuate win f ig h ts  in many 
cases (eg beetle, Podischnus aqenor: Eberhard, 1979 and cockroach, 
Nauphoeta cinerea; Breed et a]_., 1980), smaller or weaker individual? 
withdraw early in many cases (eg toad, Bufo bufo: Davies and Halliday, 
1978 and red deer, Cervus elephas: Clutton-Brock and Albon, 1979) and 
f ig h ts  are more intense between evenly matched opponents (eg Spiders; 
Riechert, 1982 and swimming crabs, Glass and Huntingford, 1987)
However, not a l l  empirical studies have confirmed the predictions 
of Game Theory. For example, although the larger of two male swimming 
crabs ( Li ocarc i nus d e p u ra to r) o r mouthbrooder c ic h l id  f is h  
(Oreochromis mossambicus) almost always win f ig h ts ,  smaller crabs are 
ju s t  as l i k e l y  as la rg e r  ones to  i n i t i a t e  f ig h ts  (Glass and 
Huntingford, 1988) and smaller c ic h l id  f ish  escalate f igh ts  ju s t  as 
o ften  as the la rg e r  f is h  do (Turner and H un ting fo rd , 1986). The 
importance of the value of a disputed resource in determining the
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PLATE 8.1 An agonistic encounter between male three-spined 
sticklebacks.

course and outcome of f ig h ts  has also been demonstrated fo r  a number 
o f species, fo r  example in spiders (Austad, 1983; Riechert, 1982).
8.1.2 Pispute between sticklebacks
Breeding male sticklebacks re s t r ic t  most o f th e ir  a c t iv i t ie s  to a 
re s tr ic te d  area around th e i r  nest. The male f ish  pe rs is ten tly  attack 
any in truder that comes near th e i r  nest and chase the in truder up to 
the edge o f the te r r i t o r y  (see plate 8 .1 ). As discussed above, Game 
theory predicts tha t decisions during c o n f l ic ts  w i l l  depend both on 
the re la t iv e  resource holding power of the partic ipants and on the 
value o f the resource in question.
Colour and size
A fac to r which influences the outcome of agonistic encounters 
between se xu a lly  mature male s t ic k le b a c k  is  the red n u p t ia l  
co louration. Brighter coloured males are more aggressive than d u lle r  
male f ish  (Bakker and Sevenster, 1983), and red models are attacked 
less than s i lv e r  ones (Rowland, 1984). In pairs of male sticklebacks 
de libe ra te ly  mismatched fo r  colour and size, dominance decisions are 
made rap id ly  without any tes t o f strength of the r iva l male. Larger 
sized and to a lesser extent, more b r ig h t ly  coloured males have an 
advantage over smaller and d u l le r  male f is h .  Decisions are usually 
made a f t e r  a s in g le  b i te  and the lo se r  f le e s  and e x h ib i ts  a 
subordinate display (Whoriskey and Wootton, 1986).
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Value o f resource
The presence of a nest increases the value o f the t e r r i t o r y  to the 
occupier male stickleback and makes him defend the te r r i t o r y  more 
intensely (Stanley and Wootton, 1986). The value o f a te r r i t o r y  to  a 
male stickleback also depends on whether he is able to exp lo it  the 
t e r r i t o r y ,  i . e .  to re ta in  possession and to  ob ta in  and rear 
successfully a brood of young. This a b i l i t y  w i l l  depend in part on his 
current n u tr i t io n a l reserves, since both defence of the te r r i t o r y  and 
rearing a brood are energetica lly  cos tly . The ro le o f n u tr i t io n a l 
s ta te  on a g o n is t ic  behaviour was in v e s t ig a te d  e xp e r im e n ta l ly  by 
Stanley and Wootton (1986). In s im ila r-s ized mature male sticklebacks 
maintained on d i f fe re n t rations (v iz .  2%, 6% and 18% of to ta l body 
weight ra tion  per day fo r  twelve days) i t  was found that males on low 
ra t io n s  have s ig n i f i c a n t l y  sm a lle r  kidneys than those on h igher 
ra tions, ind ica ting  some in h ib i t io n  of nest bu ild ing at low food 
leve ls . Those males that received the highest ra tion establish and 
maintain large te r r i to r ie s  at the expense of neighbouring males on a 
lower ra t io n  (S tan ley , 1983). This supports the p re d ic t io n  th a t  
decisions are based on current energy leve ls.
The experimentally-induced differences in n u tr i t io n  levels in 
tha t study were large, which leads to the question whether natural 
va r ia t io n ^ in  energy reserves in sexually mature male sticklebacks also 
influence decisions during t e r r i t o r ia l  c o n f l ic ts .  The main aim of the 
present study was therefore to see whether natural var ia tion  in energy 
reserves among breeding male s t ic k le b a c k  is  re f le c te d  in t h e i r
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behaviour during t e r r i t o r i a l  d isp u tes . This was in v e s t ig a te d  by 
comparing energy reserves in  the winners and losers  o f  sho rt 
t e r r i t o r i a l  d isputes between f r e e ly  in te ra c t in g  breeding male 
s t ic k le b a c k  matched f o r  s ize  and co lo u r .  A p re l im in a ry  set o f  
experiments showed th a t  winners had h igher glycogen le v e ls  than 
losers, but did not d i f f e r  in l ip id  reserves (see Table 8 .1 ). Since 
glycogen is  rap id ly  mobilised in response to stress i t  is  possible 
that th is  difference is a consequence and not a cause o f the behaviour 
of the male sticklebacks during t e r r i t o r ia l  f ig h ts .
8.1.3 Effects of f ig h t in g
I t  is  well established tha t engaging in a f ig h t  can have complex 
physiological consequences. Fighting a c t iv i t ie s  rap id ly  modulate 
hormonal levels both in winners and losers ( fo r  de ta ils  see chapter
1). For example, during a p a irw ise  encounter between ad u lt  male 
swordtail f ish  (Xiphophorus h e l le r i ) .  testosterone levels increase in 
the w inner and decrease in the lo s e r .  At the same time the 
glucocorticoids increase dramatically in both partic ipants but th is  is 
more pronounced in the loser. The increased g lucocorticoid levels show 
that f ig h t in g  is s tre ss fu l,  especia lly  so to the loser. I t  remains 
rather unclear whether these hormonal changes influence decisions 
during agonistic encounters or are mere biochemical by-products of 
f ig h t in g  without any b io log ica l consequences (Hannes et al-» 1984).
The d i f fe re n c e  in l i v e r  glycogen le v e ls  between winners and 
losers stickleback described above could therefore be a cause of the
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d if fe re n t  experience during f ig h t in g  but could also be a consequence, 
mediated v ia d i f fe re n t ia l  increase in caifi.cj^c£ai^im3 in winners and 
losers. In order to d is tingu ish  between these two p o s s ib i l i t ie s ,  a 
second series o f experiments was designed in which the length and 
in te n s ity  of in teractions between winners and losers were manipulated 
experimentally. I f  the association between high l iv e r  glycogen levels 
and v ic to ry  is a causal one, then the longest f ig h t  should be between
CL
f ish  whose energy reserves are s im ila r .  On the other hand, i f ^ lo w  
level of l i v e r  glycogen in losers is a consequence of d i f fe re n t ia l  
depletion o f l i v e r  glycogen stores in winners and losers, then the 
greatest difference in l iv e r  glycogen reserve should be seen in f ish  
tha t have taken part in the longest agonistic in te rac tion .
8.1.4 Aims of the experiment
The s p e c i f ic  aims o f t h is  p a rt  o f  the study are as fo l lo w s :
1) To compare the major energy reserves (v iz .  l iv e r  glycogen, l iv e r  
l ip id ,  carcass glycogen and carcass protein) in the winners and losers 
o f short t e r r i t o r ia l  f ig h ts .
2) To manipulate the length and in te n s ity  o f t e r r i t o r ia l  f ig h ts  and 
to  re la te  these to the degree o f difference in energy reserves between 
the eventual winners and the eventual losers o f t e r r i t o r ia l  c o n f l ic ts .
8.2 MATERIAL AND METHODS
Sexually mature male sticklebacks were collected from the River 
Kelvin from May to July in 1985 and 1986 and were maintained in the 
laboratory.
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Each aquarium tank (1000 X 280 X 360 mm ) was divided in to  two 
equal sized compartments by two removable p a r t i t io n s ,  o f which one was 
tra nspa ren t and the o the r a opaque. Two s im i la r  s ized male
sticklebacks were housed in a tank, one in each compartment. A 
constant aeration system was employed in the tanks and precautions
were taken to minimise disturbance to the f is h .  The l ig h t  regime in 
the laboratory was maintained at 16 l ig h t  hours and 8 dark hours. The
temperature in the laboratory varied from 18 0 C to 20 0 C. The f ish
were fed d a i ly  ad 1 ib itu rn w ith  l i v e  Tub ifex worms. As the male 
s t ic k le b a c k  s e t t le d  down in  the tanks, most o f them s ta r te d  to  
establish te r r i to r ie s  and bu ild  nests with aquatic vegetation provided 
in the tank.
Experiment 1 ( in  198s) Free in te raction
Seven pairs of breeding male sticklebacks were tested. In th is  
and the la te r  experiment, the males were size-and colour-matched since 
these are known to influence agonistic behaviour (see above) and might 
obscure any e ffe c t of energy reserves. In each experiment, males which 
were housed in the two compartments of the tank fo r  two weeks were 
allowed to  in te ra c t  f r e e ly  by removing anopaque p a r t i t i o n  which 
separated them. The f ish  were observed fo r  a period o f f iv e  minutes, 
a f te r  which they were k i l le d  in l iq u id  nitrogen. Total glycogen and 
l ip id  reserves o f each f ish  were estimated using whole body extracts.
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Experiment 2 ( in  1986) Manipulation o f f ig h t  length and in te ns ity
Twenty pairs o f s im ila r  size-and colour-matched breeding male 
sticklebacks were tested to measure th e ir  reproductive aggression. In 
each experiment, males which had been housed in two compartments of 
the tank ( fo r  two weeks during which they usually b u i l t  nests) were 
allowed to f ig h t .  Three d i f fe re n t  categories of tests were carried 
out. During each te s t ,  the male f ish  was presented with a r iv a l  in the 
form of another male conspecific in breeding condition. Males housed 
in the two compartments of the tank could only see each other when an
opaque p a r t i t i o n  was l i f t e d  fo r  s p e c i f ic  periods during  the
experiment. The f ish  were able to in te rac t fre e ly  when both p a r t i t io n s  
were removed.
In the f i r s t  tes t category seven pairs o f f ish  were observed fo r  
a period of f iv e  minutes, a f te r  removing an opaque p a r t i t io n  in the 
tank but re ta in ing the transparent p a r t i t io n .  In th is  tes t there was 
no physical contact between the f is h .  In the second tes t category nine 
p a irs  o f f i s h  were observed fo r  a period o f f i v e  m inutes, a f t e r  
removing both p a rt i t io n s  in the tank. In the th ird  tes t category four 
p a irs  o f  f is h  were observed fo r  a period o f ten m inutes, a f t e r  
removing both p a r t i t io n s  in the tank.
The o r ig ina l design of th is  experiment was to tes t breeding male
sticklebacks using a l l  three f ig h t  categories in each month (June and 
J u ly ) .  However, due to  unavoidable circumstances th is  was not 
possible, and few f iv e  minutes tests were conducted in Ju ly. Sexually
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mature male stickleback collected in the w ild  (also from the River 
Kelvin and at the same time as the experimental f ish )  were used as 
non-experimental breeding male f ish  fo r  comparison o f energy reserves 
corrected fo r  body weight.
Behavioural observations
During the te s ts  the behaviour o f  the f is h  was recorded as 
continuous verbal descriptions dictated in to  a tape-recorder.
The fo llowing categories of behaviour were noted:
1) Facing : Beginning and end o f the periods of facing the r iv a l 
f is h .  The f ish  was said to be facing while i t  remained motionless with 
i t s  head pointing towards the r iv a l .
2) Chasing : Beginning and end of periods of chasing the r iv a l  f is h .
3) Inactive : Beginning and end of periods of remaining stationary 
(but not facing the r iv a l  or near the nest).
4) Sustained attack : Beginning and end o f periods of sustained 
attack. Sustained attack was defined as an approach to the r iv a l f is h ,  
fo l lowed by a period o f con tinuous, v io le n t  swimming movements 
including b it in g  and lunging.
a) Bites : Bites were defined as a contact with the r iv a l ,  with the 
mouth o f the f ish  being opened and closed once.
b) Lunges : Lunges were defined as rapid movement from a facing 
position towards the r iv a l f is h .
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5) Near nest : Beginning and end o f periods o f  nest o r ie n te d
behaviour v iz .  facing the nest (w ith in 50 mm o f the nest) and creeping 
through the nest.
Among the behaviour patterns recorded sustained attack (b ites and 
lunges) was coupled with chasing to define to ta l sustained attack.
Assessment o f energy reserves
A fte r each experiment the f ish  were k i l le d  by immersing them in 
l iq u id  nitrogen, were labelled and stored in a deep freezer (-70° C). 
Glycogen, l ip id  and protein contents o f these f ish  were estimated (see 
chapters 3, 4 and 5 fo r  de ta ils  of estimation). Since the hypothesis 
is  tha t agonistic behaviour depends on to ta l energy reserves, analyses 
were carried out on absolute rather than re la t ive  levels o f energy 
reserves. Hepatosomatic and gonadosomatic indices were calculated
using the fo llowing equations (adopted from Wootton et al_., 1978)
wet weight of l i v e r  (gms)
HSI =   X 100
to ta l wet weight o f f ish  (gms)
wet weight o f gonad (gms)
GSI =   X 100
to ta l wet weight o f f ish  (gms)
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8.3 DATA ANALYSIS
Behaviour observations recorded in a tape-recorder were analysed 
using a BBC Microcomputer programs . Data were analysed using 
parametric tes ts . Table 8.1 gives mean and 95% confidence in te rva ls  of 
size and overall energy reserves in winners and losers o f t e r r i t o r ia l  
f ig h ts  from the 1985 tes ts . Table 8.2 gives mean behaviour scores fo r  
winners and losers in 1986 tes ts . Table 8.3 gives mean and 95% 
confidence in te rva ls  of size and energy reserves in winners and losers 
from a l l  the 1986 te s ts .  Table 8.4 gives mean and confidence 
in te rva ls  of size and energy reserves in f ish  pa rt ic ipa ting  in the 
d i f f e r e n t  f i g h t  ca tego ries  o f  1986 te s ts .  Table 8.5 shows the 
r e la t iv e  energy reserves in winners o f  a l l  the d i f f e r e n t  f i g h t  
categories. Table 8.6 gives mean and confidence in te rva ls  of energy 
reserves corrected fo r  body weight in non-experimental breeding male 
f ish  caught in the w ild from the River Kelvin in 1986.
8.4 RESULTS
8.4.1 Behaviour of winners and losers of t e r r i t o r ia l  f igh ts
When size-and colour-matched, sexually mature male three-spined 
s t ic k le b a cks  were allowed to  p a r t ic ip a te  in  b r ie f  t e r r i t o r i a l  
disputes, in each case a c lear winner emerged rap id ly . Fourteen f ish  
were tested in 1985 and in a l l  seven pairs c lear winners and losers 
were id e n t i f i e d .  Of the twenty p a irs  o f  f i s h  tes ted  in 1986, in 
eighteen cases winners and losers were id e n t i f ie d  and two encounters 
ended in draws. I t  was observed tha t decisions of t e r r i t o r ia l  disputes
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were made qu ick ly , usually a f te r  a few bites and /o r  chases. The loser 
usually f led  and exhibited a submissive posture ( i . e .  in the corner of 
the tank at the water's surface in a head-up pos it ion ; Whoriskey and 
Wootton, 1986). Table 8.2 summarizes the behavioural d is t in c t io n  
between winners and losers of the 1986 tes ts , in which detailed 
behavioural observations were made.
8.4.2 Hepatosomatic and Gonadosomatic indices and the outcome of 
t e r r i t o r ia l  f igh ts
As d iscu sse d  in  the  e a r l i e r  c h a p te r  (c h a p te r  7 ) ,  the
\
\
hepatosomatic index is  a good measure of energy reserves o f  the l iv e r  
in the male stickleback, p a r t ic u la r ly  l iv e r  glycogen (as i t  accounts 
fo r  25.6% of to ta l variance in hepatosomatic index). In the present 
experiment, a l l  winners had s ig n if ic a n t ly  higher hepatosomatic indices 
than those o f the losers (see Table 8 .3 ). However, winners and losers 
did not d i f f e r  in th e i r  gonadosomatic indices (see Table 8 .3 ).
8.4.3 Energy reserves and the outcome of t e r r i t o r ia l  f igh ts  
1985 data
The winners had s ig n i f ic a n t ly  higher glycogen reserves than the 
losers (Table 8 .1 ). Absolute levels in the winners averaged 134 j a mol 
o f glycogen compared to 72 yj mol of glycogen in losers. Winners and 
losers did not d i f f e r  s ig n i f ic a n t ly  in th e ir  to ta l l ip id  reserves.
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Test
cate
gory
Number 
o f f i r s t  
attack
Total
sustained
attack(se<
Nest 
a c t iv i ty  
:) (sec)
Face
(sec)
Stationary
(sec)
A ll
Winners
18 36 109 34 160
A ll
Losers
0 07 42 28 150
Table 8.2 Behaviour o f winners and losers in the 1986 tests
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1986 data
The winners had s ig n if ic a n t ly  higher l i v e r  glycogen reserves than 
did the losers. On an average, the winners had 123 ju mol o f glycogen 
in the l iv e r  whereas the losers averaged 93 jx mol of l i v e r  glycogen 
(see Table 8 .3 ). In contrast, winners and losers did not d i f f e r  in 
t h e i r  carcass glycogen , l i v e r  l i p i d  reserves or carcass p ro te in  
concentration.
8.4.4 Energy reserves and the content o f t e r r i t o r ia l  f igh ts
Table 8.4 shows that l i v e r  glycogen reserves were depleted more 
(and hepatosomatic index dropped more) in longer/more intense f ig h ts .  
The other energy sources were not s ig n i f ic a n t ly  d i f fe re n t  between the 
three f ig h t  categories, although l iv e r  l ip id  levels were lower in the 
f ish  tha t had partic ipa ted in 10 minutes of free in te rac tion . However, 
the ex te n t o f  these changes in  glycogen le v e ls  is  d i f f e r e n t  fo r  
winners and losers. Fig 8.1 A and B show the scatter plots of l iv e r  
glycogen reserves fo r  winners and losers against the to ta l duration of 
sustained attack given/received by winners/losers in the t e r r i t o r ia l  
f ig h ts .  The more sustained attack that the eventual winner gave in a 
f ig h t ,  the lower the l iv e r  glycogen reserves were at the end of the 
te s t period in both winners and losers (see Table 8 .4 ). The re la t ive  
depletion in the losers (expressed as the ra t io  o f winner's level to 
lose r 's  leve l) increases with the duration of sustained attack (Fig
8.4 A and Table 8 .5 ).
244
HS
I
S.
D
. CM
+. + 
.0 
9 o
T“  
+ .
F 
= 
10
.3
0 
P 
< 
0.
05
H
ep
at
o­
so
m
at
ic
In
de
x
2.
73
2.
59
2.
47
C
.P
.
S.
D
. o
CM
+. + 
1 
6 CO
+,
F 
= 
0.
02
4 
P 
= 
NS
C
ar
ca
ss
Pr
ot
ei
n
(m
gs
)
65
0
6 
1 
9
65
6
L.
L.
S.
D
.
O)
+. + 
8.
0 CM
CO
+.
F 
= 
0.
82
3 
P 
= 
NS
Li
ve
r
Li
pi
d
(m
gs
)
CO
CO 74 5 
5
L.
G
.
S.
D
.
+ 
46
+ 
40
+ 
08
F 
= 
11
.3
44
 
P 
< 
0.
00
1
Li
ve
r 
G
ly
co
ge
n 
( 
fx 
m
ol
)
14
0
1 
1 
1
4 
9
W S.
D
.
+ 
.0
4
o
+(
,<3‘
o
+,
F 
= 
0.
43
0 
P 
= 
NS
W
et
W
ei
gh
t
(g
m
s) CMO
T“
T“
T~
CO
o
T—
L
S.
D
. in
CM
+.
CM 
+ ,
in
CM
+.
F 
= 
0.
03
6 
P 
= 
NS
Le
ng
th
(m
m
) <0
T—
CO
T“
r r 41
.3
Sa
m
pl
e
Si
ze
T—
CO
T— CO 4 
0
Te
st
C
at
eg
or
y
w
it
h
tr
an
sp
ar
en
t
pa
rt
it
oi
n
fr
ee
in
te
ra
ct
io
n
fr
ee
in
te
ra
ct
io
n
To
ta
l
Ti
m
e 
m 
in
)
0 
5
0 
5 o
h
I
g
LL
z
LU
X
LU
LL
LL
Q
LU
X
t—
o  co
Z=: CO
t  111<  H  Q_
C j CO 
jZ  G>
DC T~
<  LU
Q - X  
X
CO 2?  >4
LL - 9
_ J  C O W
-J — o 
^  x  z
LL O  <
O O z
LU 5
S S g
LU
CO
LU
X
>-
o
X
X
z
LU
Q
z
<
X
N
CO
CO
LU
—I
X
<h-
2 4 5
TABLE 8 .5  R elative energy reserves (winners vs losers) 
for d ifferent fight categories in the 1986 tests.
: TEST W:L W: L W:L W:L .
: CATEGORY LIVER LIVER CARCASS CARCASS
GLYCOGEN LIPID PROTEIN GLYCOGEN
: With transparent 
: p a r t i t io n  
: ( 5 mins)
1.61 0.80 1.00 0.80
: Free
: in te rac tion  
: ( 5 mins)
1.21 1.76 0.94 0.88
: Free
: in te rac tion  
: (10 mins)
1.00 0.91 1.00 1.40
t  = 0.339 t  = 0.396 t  =-0.067 t  = 0.850
P = NS P = NS P = NS P = NS
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The scatter plots of l i v e r  l ip id  reserves against to ta l sustained 
attack (see Figures 8.2 A and B) show tha t,  as in the case o f l iv e r  
g lycogen, l i v e r  l i p i d  le v e ls  are n e g a t ive ly  c o r re la te d  w ith  the 
duration of sustained attack in both winners and losers, although 
these re la tionships are only marginally s ig n if ic a n t .  S im ila r ly  the 
re la t iv e  depletion in the loser (measured by winner's le v e l/ lo s e r 's  
leve l,  see Fig 8.4 B) is  p o s it ive ly  related to duration of sustained 
attack, but again, th is  f a i l s  to reach s ign if icance. Fig 8.3 A-B and 
8.4 C show that there were no re la tionsh ips between carcass protein 
levels and the content o f t e r r i t o r ia l  f ig h ts .
These results  suggest tha t experience of a f ig h t  depletes l iv e r  
glycogen sto res (and p o ss ib ly  l i v e r  l i p i d  s tores too) in  both 
pa rt ic ipan ts . Winners and losers did not d i f f e r  in th e ir  carcass 
glycogen reserves. They also suggest that depletion is more marked in 
longer/more in tense f ig h ts  and th a t  lose rs  s u f fe r  a more severe 
depletion of l iv e r  energy reserves.
8.4.5 Energy reserves in non-experimental f ish
Mean values fo r  energy sources corrected fo r  body weight in non- 
experimental breeding male sticklebacks caught in the w ild  in 1986 
(see Table 8 .6 ) compared w e ll w ith  those o f the te s t  f i s h  but 
i l lu s t r a te  that average energy sources are lower in non-experimental 
f ish  in July than in June.
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Figure 8.1
Figure 8.1
A Scatter plots of liv e r  glycogen reserves against
the to ta l duration (in  seconds) of sustained
attack given by the winners
B Scatter p lo ts o f l i v e r  glycogen reserves against the 
to ta l  duration ( in  seconds) of sustained attack
received by the losers.
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Figure 8.2
Figure 8.2 B
A Scatter plots of liver lipid reserves against the
total duration (in seconds) of sustained attack given
by the winners
Scatter p lo ts o f l i v e r  l i p id  reserves against the 
to ta l  duration ( in  seconds) o f  sustained attack 
received by the losers.
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Figure 8 .3  A
Figure 8.3
Scatter plots of carcass protein concentration against
the total duration (in seconds) of sustained attack
given by the winners
Scatter p lo ts o f carcass prote in concentration against 
the to ta l duration ( in  seconds) o f sustained attack 
received by the losers.
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Fig 8.4  Relative depletion o f energy sources (W/L ra t io )  against 
the to ta l  duration ( in  seconds) o f sustained attack 
W = winners L = losers 
A = L iver glycogen W/L 
B = L iver l ip id  W/L 
C = Carcass protein W/L
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8.5 DISCUSSION
The tests described in th is  chapter were designed to see whether 
natural var ia tion  in agonistic behaviour, as re flected in the a b i l i t y  
to win f ig h ts ,  can be related to natural var ia tion  in energy reserves. 
In f ig h ts  between s ize  and co lo u r matched male th ree-sp ined  
s t ic k le b a c k s  w ith  s im i la r  gonadosomatic in d ic e s ,  a c le a r  winner 
emerged a f te r  a very short time. From the s ta r t  of the encounter the 
winners c o n s is te n t ly  attacked the lo s e r ,  who d id  not r e t a l i a t e .  
V ictorious males did not have higher levels of e ith e r l iv e r  l ip id  or 
carcass protein (two important long term energy sources fo r  these 
f is h ) .  Nor did they d i f f e r  in carcass glycogen leve ls. However, levels 
o f l i v e r  glycogen were markedly higher in the winners o f t e r r i t o r ia l  
f ig h ts  than the losers.
A number of lines of evidence suggest that d ifference in l iv e r  
glycogen is  a consequence of experience during the f ig h t  and not a 
cause of the behavioural differences tha t allowsone f ish  to win. F irs t  
o f a l l ,  carcass glycogen reserves are not d i f fe re n t  in winners and 
losers. In addition, i f  the d ifference in l iv e r  glycogen was a cause 
of the d i f fe re n t ia l  behaviour, then one would expect energy reserves 
to be more s im ila r  in winners and losers of longer and/or more intense 
f ig h ts ,  but th is  is  not the case. Both winners and losers experience 
g re a te r  l i v e r  glycogen d e p le t io n  in lo n g / in te n se  f ig h ts  and 
d i f fe re n t ia l  depletion in the loser increases with the amount of 
attack he receives.
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A problem arises in in te rp re t ing  these results  from the fac t that 
tests using the three f ig h t  categories could not be carried out in 
each month as o r ig in a l ly  planned, because o f unavoidable constraints 
o f time. Thus the e ffe c t o f f ig h t  category are confounded with the 
effec ts  o f month. As Table 8.6 shows, non-experimental f ish  caught at 
the same time as the experimental f is h ,  had lower energy reserves in 
J u ly  than in June. The low l i v e r  glycogen le ve ls  in the f is h  
experiencing ten minutes free in te raction  may therefore re f le c t  the 
fac t tha t these tests were carried out in the month o f July. However, 
d i f f e r e n t i a l  dep le t ion  o f l i v e r  glycogen in the lo se r is  s t i l l  
observed, so th is  resu lt  is  a d ire c t e ffec t of experience and not an 
a rte fac t of the month of tes t ing .
This re s u l t  th e re fo re  suggests th a t  dec is ions during these 
t e r r i t o r ia l  encounters are not dependant on the long-term energy 
re se rve s  o f  the  f i s h ,  c o n t r a r y  to  p r e d ic t i o n  arising from a 
consideration of Stanley and Wootton's experimental study (1986). 
However, selection of colour-matched males may inadvertantly have 
resulted in selection of males with broadly s im ila r energy reserves. 
I t  therefore, remains possible that more extreme differences in energy 
reserves may influence t e r r i t o r ia l  decisions.
The greater depletion of l i v e r  glycogen (a rapid ly mobilized 
energy reserve in response to stress) in both partic ipants when f igh ts  
are long ( i f  th is  is accepted as a genuine e ffec t)  and d i f fe re n t ia l  
depletion o f l iv e r  glycogen in losers, can be related to the results 
of studies of experience-mediated hormone changes during f ig h ts .
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Catecholamines promote glycogen mobilisation (Ross and Ross, 1984) so 
i f  s im ila r  hormone-dependant changes occur during agonistic encounters 
between male sticklebacks th is  could generate the observed differences 
in l i v e r  glycogen levels between winners and losers.
8.6 CONCLUSIONS
Higher l i v e r  glycogen reserves and v ic to ry  in t e r r i t o r ia l  f igh ts  
between breeding male sticklebacks go hand in hand. This seems to be a 
consequence o f f ig h t in g  experience and not a cause o f the outcome o f 
t e r r i t o r ia l  f ig h t  between breeding male sitcklebacks. The greatest 
d iffe rence in l i v e r  glycogen reserves was seen in those f ish  tha t took 
part in the longest t e r r i t o r ia l  f ig h ts .
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GENERAL DISCUSSION
CHAPTER 9 GENERAL DISCUSSION
This thesis describes a study o f annual va r ia tion  in major energy 
sources ( i . e .  prote in , l ip id  and glycogen) in the male three-spined 
stickleback (Gasterosteus aculeatus L.) collected from the River
Kelvin in Scotland. The major aims of th is  study are as fo llows:
1) To estim ate the energy reserves in  the d i f f e r e n t  body
compartments (v iz . l iv e r ,  gonad and carcass) in male three-spined
stickleback, on a monthly basis over one complete year.
2) To re la te the annual va r ia t ion  in energy reserves to changes 
in  (a) body s ize  (b) c o n d it io n  fa c to r  o f the body (c) somatic
condition fac to r (d) hepatosomatic index and (e) gonadosomatic
index.
3) To corre la te  a l l  these changes to major l i f e  cycle events 
such as gonad maturation and breeding.
4) To examine the re la tionsh ip  between energy reserves and the
outcome of t e r r i t o r ia l  f igh ts  ie . to examine whether natural var ia tion 
in energy reserves among breeding male stickleback is  re flected in
behaviour during t e r r i t o r ia l  disputes.
In t h is  chapter the f in d in g s  o f the research p ro je c t  are 
summarised and discussed in general terms. More detailed consideration 
is  given in the appropriate sections o f the thesis.
Annual v a r ia t io n  in  energy reserves ( aim 1) in. r e la t io n  to  body 
condition and breeding (aims 2 and 31
Annual var ia tion  in the proximate biochemical composition o f the 
body o f the male stickleback (chapters 3, 4, 5 and 6) shows that the 
p ro te in  concen tra t ion  in the dry m atte r o f the body o f  male 
s t ic k le b a c k  va r ie s  from 70 to  76%; L ip id  and glycogen reserves 
constitu te  2 to 15% and 0.1 to 1% respective ly. An i n i t i a l  increase in 
body size which occurs from August to October, is  essen tia lly  due to 
an increase in protein concentration. Further increase in body size 
(between October and A p r i l)  is  accompanied by a s h i f t  from protein to 
l ip id  accumulation. This is re flected in the negative corre la tion 
between protein concentration and l ip id  stores in the carcass which is 
most marked during the non-breeding season. On the other hand, there 
is  a c lear para lle lism  in the trends o f accumulation o f l ip id  and 
glycogen reserves in a l l  body compartments ou ts ide  the breeding 
season. L ip id and glycogen reserves in a l l  body compartments increase 
from August to October and then level o f f  in the w inter. From January 
u n t i l  the onset of the breeding season these energy reserves increase 
markedly. This results in the strong pos it ive  corre la tions between 
glycogen and l ip id  stores in the l iv e r ,  gonad and carcass.
U n t i l  the beginning o f  the breeding season, la rg e r  f is h  have 
h igher l i p i d  and glycogen reserves. This r e la t io n s h ip  may a r ise  
because larger f ish  hatched early enough to take advantage o f the rich 
summer feeding. The strong pos it ive  corre la t ion  between body weight 
and energy reserves indicate that the increase in body size is  not
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occurring at the expense of energy reserves. On the other hand, the 
re la t io n s h ip  between body weight and p ro te in  concen tra t ion  is  
predominantly negative during the non-breeding season, re f le c t in g  a 
gradual decrease in  p ro te in  concen tra t ion  as the s t ick le b a cks  
accumulate l ip id  reserves.
Energy reserves accumulated during the autumn and the spring were 
mobilized during the breeding season, presumably fo r  reproductive 
a c t i v i t i e s .  Thus le ve ls  o f  l i p id s  and glycogen in a l l  body 
compartments, e s p e c ia l ly  in  the l i v e r  drop to  low le ve ls  from 
April/May to July. The re la tionsh ip  between the energy stores in the 
d if fe re n t  body compartments and that between body weights and energy 
reserves change dramatically during June and July due e ithe r to to ta l 
d e p le t io n  or to  d i f f e r e n t i a l  de p le t io n  o f energy reserves. For 
example, the strong pos it ive  corre lations between glycogen and l ip id  
reserves in the l iv e r  and carcass disappear during the breeding season 
as a resu lt  to to ta l depletion of both these reserves. The positive  
corre la t ion  between glycogen and l ip id  stores in the carcass also 
disappears, but th is  arises because carcass glycogen depletes more 
markedly than carcass l ip id  (chapter 6). The re la tionsh ip  between body 
weight and energy reserves e ith e r disappears (as energy reserves 
become very low in f ish  of a l l  sizes that breed active ly) or reverses 
(as energy reserves decrease most markedly in bigger breeding f is h .
The re la t iv e  degree o f depletion o f the various energy sources 
over the period that male sticklebacks are ac t ive ly  breeding indicates 
that energy fo r  reproductive a c t iv i t ie s  comes from l iv e r  l ip id ,  l iv e r
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glycogen, carcass glycogen, carcass protein and carcass l ip id .  
About 33% o f  l i v e r  glycogen, 57% o f  l i v e r  l i p i d ,  56% o f  carcass 
glycogen and 15% of carcass protein are used up between May and June. 
The decline is even more d ras tic  in f ish  breeding during Ju ly, as 
about 98% o f l i v e r  glycogen, 95% o f l i v e r  l i p i d ,  67% o f  carcass 
glycogen, 38% o f carcass p ro te in  and 30% o f carcass l i p i d  are 
depleted.
High m o rta l i ty  was observed in post-spawning male sticklebacks 
both in the f i e l d  and in the la b o ra to ry ,  suggesting th a t  males 
probably breed once and then die. I f  th is  is the case, then the very 
low levels of energy reserves in July can be explained as follows: 
some males are smaller and with low energy reserves at the beginning 
o f the breeding season. These males increase in size during summer 
when environmental conditions are favourable and breed in July. Their 
re la t iv e ly  poor energy reserves are re flected in the very low levels 
estimated in July. An alternate explanation is  tha t those males which 
breed in June may breed again in July thus depleting th e i r  reserves 
s t i l l  fu r th e r.  More studies should be carried out to c la r i f y  th is  
po in t.
Some of the males in the May sample were very small and had very
low energy reserves, these are probably la te  hatched sticklebacks
which f a i l  to reach a s u f f ic ie n t  size in summer and f a i l  to breed. In
o-f"
June and July, the sample consisted only^mature male sticklebacks with 
breeding colouration, as they were se lec t ive ly  chosen and due to th is
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bias in sampling, smaller males were not co llected. However, the
c rp
August sample consistedAsuch males along with the young o f the year. 
These a d u lt  males had no breeding c o lo u ra t io n  a t a l l  and were 
re la t iv e ly  smaller than the males which bred in June and July. These 
immature one year old males had higher energy reserves than post­
breeding adults and young of the year, accentuating the energetic cost 
o f breeding. Their energy reserves continued to r ise  during August and 
September but dropped d ra s t ic a l ly  with the approach of w inter, a f te r  
which th is  class of f ish  was not encountered in the samples.
There are marked varia tions in the condition fac to r across the 
months o f the year. An increase in condition fac to r from August to 
October is  followed by a decline in w inter. There is a sharp increase 
in early spring and in May but i t  declines during the breeding season. 
Condition fac to r, and somatic condition fac to r are strongly p o s it ive ly  
correlated, ind ica ting that the overall pattern o f changes in somatic 
condition fac to r is s im ila r  to that of condition fac to r. Stepwise 
m u lt ip le  regression analysis suggests that condition fac to r is not a 
re l ia b le  index of energy reserves of the body in the male stickleback. 
On the o the r hand, hepatosomatic index is  a good measure o f  
m o b il is a b le  l i v e r  energy reserves. The im portant p re d ic to rs  o f  
hepatosomatic index are l i v e r  glycogen and l iv e r  l ip id  (which account 
fo r  28% o f to ta l variance in HSI).
There are no s ig n if ic a n t  corre la tions between condition fac to r 
and gonadosomatic/hepatosomatic indices. The negative re la t ion  between 
somatic condition fac to r and gonadosomatic index in June approaches
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sign if icance suggesting the p o s s ib i l i ty  o f a tra d e -o ff  between gonad 
development and body condition. The re la tionsh ip  between hepatosomatic 
and gonadosomatic indices is strongly pos it ive  during the non-breeding 
season, ind ica ting  tha t gonad development is  prominant in sticklebacks 
with good energy reserves. This re la tionsh ip  disappeared in June and 
J u ly  because the s ize  o f the l i v e r  dec lined during the breeding 
season, but th is  decline was most marked in those f ish  with a high 
gonadosomatic index. Male sticklebacks with the highest gonadosomatic 
index are those that breed ac tive ly  and consequently experience severe 
depletion of energy reserves.
These results therefore suggest that male sticklebacks from the 
River Kelvin are semelparous as they generally have a l i f e  span o f one 
year and probably reproduce on one occasion only and then die. Once 
reproduction is in i t ia te d  in May/June, most o f the energy reserves are 
u t i l is e d  fo r  reproductive a c t iv i t ie s .
Energy reserves and t e r r i t o r ia l  aggression (Aim 4)
Size-and colour-matched, breeding male sticklebacks were allowed 
to pa rt ic ipa te  in b r ie f  t e r r i t o r ia l  disputes to see whether natural 
va r ia t ion  in energy reserves is re flected in agonistic behaviour 
during t e r r i t o r ia l  disputes. Winners had s ig n if ic a n t ly  higher levels 
o f  l i v e r  glycogen than the losers  but the re  were no d if fe re n c e s  
between winners and losers in the other energy reserves. The longer 
and more intense the encounter the greater the d i f fe re n t ia l  depletion 
of l i v e r  glycogen reserves in the loser.
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The h igher l i v e r  glycogen reserves in winners are th e re fo re  
probably a consequence and not a cause o f the outcome o f t e r r i t o r ia l  
f ig h ts .  L iver glycogen is  rap id ly  mobilised in response to stress- 
induced catecholamine secretion (Ross and Ross, 1984). Such stress is 
greater in the losers than the winners (Hannes et al_., 1984). I f  
s im ila r  hormone-dependant changes occur during agonistic encounters 
between male sticklebacks, th is  could generate the differences in 
l i v e r  glycogen levels between winners and losers.
Relation to other studies on energy reserves and reproduction in f ish
Existing studies on f ish  ind icate that they su ffe r a massive 
d e p le t io n  o f  energy sources d u r in g  spawning m ig r a t io n  and 
reproduction. For example, A t la n t ic  salmon (Salmo sa la r) lose 99% of 
l ip id ,  72% protein and 63% glycogen during spawning migration ( T i l i k ,  
1932); Pacific  salmon (Oncorhvnchus sp) catabolise 60% of body protein 
during spawning m ig ra t ion  (Fonta ine, 1975). Northern p ike ( Esox 
luc ius) lose 5.7% of muscle protein and 16.7% of muscle l ip id  during 
the breeding season (Medford and Mackay, 1978) c The present study 
indicates that male three-spined sticklebacks deplete about 45% of 
glycogen, 57% of l ip id  arid 15% of protein between May and June during 
the breeding season. Levels o f  energy reserves are even more 
d ra s t ic a l ly  reduced in male sticklebacks breeding in Ju ly, when about 
83% of glycogen, 62% of l ip id  and 38% of protein have been used.
As predicted by L ife  History Theory, smaller fishes which have 
sho rt l i f e  expectancies such as the Japanese medaka (Oryzias 
la t ip e s ) give p r io r i t y  to the gonadal development over investment in
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the somatic component ( H i r s h f ie ld ,  1980). In male th ree-sp ined  
sticklebacks, increase in body size and gonad maturation takes place 
in the f i r s t  year (other than in the smaller sized males which f a i l  to 
breed at a l l ) .  In the f i r s t  few months o f th e i r  l i f e  there is  marked 
increase in body size. During the breeding season, energy sources are 
mobilised mostly to meet the energy expenditure involved in breeding 
a c t i v i t i e s .  In June, the negative  c o r re la t io n  between somatic 
condition fac to r and gonadosomatic index approached s ign if icance, 
suggesting the p o s s ib i l i ty  o f a t ra d e -o ff  between gonad development 
and body condition.
The present study emphasises the fac t tha t the energetic cost 
involved in the maturation o f the testes is lower compared with the 
cost of ovarian maturation (Wootton, 1985). When males reach maturity 
between March and May, the energy reserves are not depleted. From 
May/June onwards, with the development of secondary sexual features 
and breeding a c t i v i t i e s  (such as t e r r i t o r i a l i t y , aggression, 
c o u r ts h ip ,  parenta l care and fa n n in g ) ,  the energy reserves are 
mobilised ind ica ting  that th is  phase is cos tly . E a r l ie r  studies have 
demonstrated that males in t e r r i t o r ia l  groups los t weight when fed on 
low rations and parental males that were fed on a low food ration 
showed s ig n i f ic a n t ly  less fanning than be tte r fed males (Stanley, 
1983). The present study supports th is  view that breeding a c t iv i t ie s  
are energetica lly  expensive and re su lt  in massive depletion o f energy 
reserves in the male three-spined stickleback.
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APPENDIX 1
SPECIES LIST
The Gasterosteidae form a monophyletic fam ily containing f iv e  genera
Genera/ Species
1. Apeltes quadracus
2. Culaea inconstans
3. Gasterosteus aculeatus
4. Gasterosteus wheatlandi
5. Punqitius punqitius
6. Punqitius platyqaster
7. Spinachia spinachia
(A fte r Wootton, 1976)
Common names
Four spined stickleback
Brook stickleback
Three-spined stickleback
Black-spotted stickleback
Nine-spined stickleback
Ukrainian stickleback
Fifteen spined stickleback or 
sea stickleback
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